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Abstract
In this thesis the Minimal R-symmetric Supersymmetric Standard Model (MRSSM) is ana-
lyzed at the quantum level. The MRSSM presents a viable alternative to the most commonly
considered supersymmetric extensions of the Standard Model like the MSSM or the NMSSM.
It is based on the assumption that the U(1)R symmetry of the N = 1 SUSY algebra is left
unbroken at the weak scale. This assumption leads to a model with a distinct phenomenology,
containing an extended Higgs sector, Dirac gauginos and color octet scalars.
The thesis consists of two parts. First one treats about the electroweak sector of the model.
Among others, it identifies the parameter region allowed by the electroweak precision observ-
ables. Since the MRSSM contains an SU(2)L-triplet with a non-zero vacuum expectation value
the emphasis is put on the calculation of the W boson mass. To that end, a full one-loop
calculation of mW augmented with the leading two-loop SM result is presented. This allows to
identify the region of parameter space consistent with the measured value of mW . The region
is then checked against the measurement of the Higgs boson mass (where it is assumed that
the lightest MRSSM Higgs state is SM-like). For this, the full one-loop and leading two-loop
corrections to the Higgs boson mass in the MRSSM are calculated. Devised benchmark points,
consistent with both of these observables, are shown to fulfill also a number of additional ex-
perimental constraints like properties of the Higgs boson(s), b-physics observables and vacuum
stability. Correlating all of these observables allows to put bounds on the parameters of the
model.
Second part of the thesis treats about the strongly interacting scalar sector. First, NLO
QCD corrections to the production of scalar gluon (sgluon) pair at the LHC are calculated.
The calculation of the virtual part and details of the zero-momentum subtraction scheme are
given. Large emphasis is put on the treatment of the infrared/collinear divergences which are
dealt with using the two-cut phase space slicing method. Their cancelation between real and
virtual contributions is also explicitly checked. A set of K-factors for a selected sgluon masses
at 13 and 14 TeV LHC is presented. This calculation is applied to constrain the sgluon mass
using 2015 data set from Run 2 of the LHC. To that end, a same-sign lepton search by ATLAS
is recasted for the case of the production of the sgluon pair decaying to tt¯ pairs. The analysis
is reproduced with the help of shower Monte Carlo softwares and the program performing a
fast detector response simulation. Before applying this analysis to the sgluon pair production,
it is validated on the selection of background processes showing reasonable agreement with the
ATLAS one. Its application to the sgluon signal gives (to my knowledge) first limits on the
sgluon mass from the 13 TeV data. The analysis shows that already using 3.2/fb of integrated
luminosity the exclusion limits from Run 2 are competitive with the 8 TeV ones.
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1. Introduction
1.1 Introduction
The work that will be presented in this thesis was done while the most powerful particle
accelerator to date, the Large Hadron Collider (LHC), was gathering its first data. On July
4th, 2012 LHC experiments ATLAS and CMS announced the discovery of a new Higgs boson
like resonance with a mass of around 125 GeV. Since then, additional data confirmed beyond
any doubt that this was indeed the long sought Higgs boson. With this single achievement
LHC completed the particle spectrum of the Standard Model (SM). To a general sadness of
particle physics community, no other (elementary) resonances where found, though.
The SM turns out to work extremely well also at LHC Run 2 energy frontier. It correctly
describes LHC results over the range of 14 orders of magnitude, as shown for example in
Fig. 1.1.1 As strange as it seems, particle physicists are not happy with that. The reason
is that SM features certain experimental and theoretical shortcomings. On the experimental
side phenomena like the presence of a dark matter, the muon anomalous magnetic moment
discrepancy or neutrino masses call for its extension. On the theoretical side, the issue of fine-
tuning, lack of gauge coupling unification or not enough CP-violation to generate visible matter
anti-matter asymmetry in the universe are puzzling. A great hope of the physics community
was that already first years of the LHC operating would point to a possible solution to those
problem, commonly believed to be Beyond the Standard Model physics (BSM).
Among the possible candidates for the BSM physics, supersymmetry (SUSY) is probably
the most studied one. This is, in part, because SUSY is arguably a beautiful theory. It is
built upon our conviction that on a fundamental level world should be maximally symmetric.
Although theoretically very appealing, so far we weren’t been able to confirm its existence.
Moreover, more and more stringent limits on particles of its minimal realization, called the
Minimal Supersymmetric Standard Model (MSSM), mean that one of the strongest arguments
in its favor, naturalness, gets weakened. Despite the sentiment of the physics community to the
MSSM, SUSY does not have to be realized in this way. In light of the null result on the MSSM
search at the LHC, it became important to consider its possible non-minimal realizations.
This realization generated a lot of interest in the non-minimal supersymmetric models. They
range from simple extensions of the MSSM like the NMSSM to models with Dirac gauginos
and beyond. Among these models also appeared an old idea of Fayet, Salam and Strathdee of
models with an unbroken R-symmetry, on which this thesis is focused.
Although R-symmetry is uniquely specified by the SUSY algebra, depending on fields’ R-
charge assignments, different R-symmetric models can be constructed. One possible way, called
in the literature the Minimal R-symmetric Supersymmetric Standard Model (MRSSM) [10], was
shown to be especially interesting. In Ref. [10] it was shown that the MRSSM ameliorates the
flavor problem of the MSSM, even in the case of anarchic flavor structure of the sfermion mass
1Figure available at https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/
ATLAS_b_SMSummary_FiducialXsect/ATLAS_b_SMSummary_FiducialXsect.pdf [accessed 7.9.2016].
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The urgent open question that remained was whether MRSSM can also accommodate then
newly discovered Higgs boson with a mass of 125 GeV? The answer to this question was not
obvious as by construction MRSSM does not allow for left-right stop squark mixing, a feature
that is often invoked in the MSSM as the source of an additional contributions to the Higgs
boson mass in scenarios with light stop squarks. Also, the MRSSM features an SU(2)L triplet
with a non-zero vacuum expectation value (VEV) which could spoil the electroweak precision
observables (EWPO) by directly contributing to the Peskin-Takeuchi T parameter at the tree
level. These two questions form the core of the electroweak part of this thesis contained in
Chap. 4 – Chap. 6.
In Chap. 7 – Chap. 8 the question of how can the MRSSM be confirmed experimentally
at the LHC is addressed. In hadron colliders, like the LHC, it is best to focus first on the
production of strongly interacting particles. A non-typical (compared to the MSSM) feature of
the MRSSM is the presence of a color octet scalars (sgluon) whose R-charge is the same as the
one of the SM particles. It therefore may be produced singly and decay without a company
of the lightest supersymmetric particle (LSP). Moreover, one of the octets might be naturally
light. In case of a favorable mass hierarchy of the MRSSM particles, it may decay exclusively to
tt¯ pairs. Its pair production would give a quite uncommon in the SM tt¯tt¯ signature. To study
it, the NLO QCD corrections to the sgluon pair production are presented and the available
experimental searches of this kind of topology are used to directly constrain the sgluon mass.
2This argument works in the so-called mass insertion approximation. See Chap. 3 for the comment about a
general case.
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1.2 Structure of the thesis
The thesis is structured as follows. In Chapter 2 the basics of supersymmetry together with the
construction of the MSSM are recapitulated. The chapter introduces SUSY algebra and the
notion of superspace and superfields. The rules for the construction of a SUSY invariant actions
are given and applied in the construction of the MSSM Lagrangian. The phenomenological
status of the MSSM is also briefly discussed.
Chapter 3 then describes R-symmetry and goes into details of a construction of the Minimal
R-symmetric Supersymmetric Standard Model. It describes the field content of the model
and its Lagrangian, presents the renormalization group equations for the gauge couplings and
minimization conditions for its tree-level Higgs potential (tadpoles equations). Explicit forms
of selected mass matrices and Feynman rules are postponed to Appendices. The discussion of
the MRSSM finishes with a presentation of the benchmark points used in later chapters and
with the description of the computational setup used for the numerical analysis of the model.
Chapter 4 discusses the calculation of the W boson mass. It re-derives mW master formula
of Degrassi, Fanchiotti and Sirlin [11] and discusses the role of SU(2)L triplet VEV in this
calculation. It then focusses on the calculation of vertex and box corrections to the muon
decay constant in the MRSSM. Chapter concludes with a short discussion of the numerical
results, with the main numerical analysis postponed until Chapter 6.
Chapter 5 analyzes the Higgs sector of the MRSSM. The Higgs boson mass is calculated
at the full one-loop level including leading two-loop contributions in the effective potential
approximation. The chapter introduces the notion of the effective potential and gives an explicit
expression for the MRSSM specific contributions. Short discussion of the gauge dependence of
the two-loop contribution is also given.
Chapter 6 is devoted to the numerical study of results obtained in Chap. 4 and 5. The
parameter region in agreement with both measured W and Higgs boson masses is identified.
Moreover, benchmark points presented in Chap. 3 are justified and also shown to pass other
phenomenological constraints like b-physics observables and vacuum stability. That chapter
ends the discussion of the EW sector of the model.
Chapter 7 begins the part of the thesis devoted to the strong interactions. It contains the
calculation of the one-loop QCD corrections to the sgluon pair production at the LHC using
a simplified phenomenological model. The chapter goes into details of renormalization and
treatment of infrared/collinear divergences using the two-cut phase space slicing method. After
a thorough validation of the results and a cross-check with an independent calculation, a set of
cross sections for 13 and 14 TeV LHC and selected sgluons masses is presented.
Those results are then applied in Chapter 8 to discus collider phenomenology of the sgluon
pair production. Under a reasonable assumptions about the mass hierarchy of the MRSSM
particle spectrum the signature for pseudoscalar sgluon pair production is tt¯tt¯. This kind of
topology was already searched for by ATLAS and CMS in Run 2 data but not in the context
of the sgluon production. Therefore Chapter 8 recasts current experimental limits from search
of same-sign lepton signature by ATLAS for the case of sgluon pair production, deriving lower
limit on their mass.
The work ends with a summary in Chap. 9. Appendices contain supplementary materi-
als: list of abbreviations and symbols, MRSSM mass matrices and Feynman rules, kinematic
integrals and the derivation of sgluon decay widths.
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2. Supersymmetry
The Standard Model (SM) together with neutrino masses still provides an accurate description
of all experimental data.1 The SM by itself is a consistent, renormalizable quantum field theory
- valid to (almost) arbitrary energy scales. The problem appears if there is any "physics beyond
it". The (squared) Higgs boson mass is then quadratically sensitive to the scale of this physics.
This is known as the hierarchy problem. Stabilization of the EW scale would then require precise
cancelation between model parameters known as fine-tuning. Even if there is no genuine new
physics, effects of the gravity (which is not included in the SM) might also destabilize the EW
scale. Several solutions have been proposed to solve (or postpone) the hierarchy problem. To
name few, these include:
• Technicolor - Since there is no hierarchy problem for fermions (as they are protected by
the chiral symmetry) one solution is to postulate that there are no elementary scalars. In
technicolor models the (effective) scalar degrees of freedom appear then as bound states
of technifermions at the TeV scale.
• Extra dimensions - It is possible that the gravity becomes strong already at the TeV
scale and hence there is no large hierarchy between gravity scale and the EW one. This
occurs in models with extra spatial dimensions.
• Little Higgs models - In this models quadratic contributions to the Higgs boson mass
appear at the two-loop level reducing the severity of fine-tuning by an additional loop
factor.
• Supersymmetry (SUSY) - In the presence of the same number of fermionic and bosonic
degrees of freedom with properly chosen couplings only wave-functions renormalize and
they can depend at most logarithmically on the new physics scale (the so-called non-
renormalization theorem [12, 13]).
Among these models the specific appeal of supersymmetry comes as it solves many problems
at once, from providing a dark matter candidate to gauge coupling unification and more.
The notion of supersymmetry originates from the string theory where it is realized on a 2d
world sheet. The first spacetime SUSY theories were created by Wess and Zumino [14] and
by Salam and Strathdee [15]. The realization that SUSY might not suffer from the fine-tuning
problem gave it a lot of interest which in the end led to the formulation of the first phe-
nomenologically viable SUSY model, the Minimal Supersymmetric Standard Model (MSSM),
in the early ’80s. Therefore, before going into details of the construction of the R-symmetric
supersymmetric model it is instructive to remind basics of SUSY and the MSSM.2
The chapter is structured as follows. First the formal aspects of supersymmetry are in-
troduced. To that end, the next section (Sec. 2.1) introduces the supersymmetric extension
1I do not mention dark matter here since its particle interpretation is still open to debate.
2This chapter is based on Refs. [16–18].
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of the Poincaré algebra. In Sec. 2.2 the formalism of superspace and superfields is described.
Section 2.3 then gives rules for constructing explicitly supersymmetric actions. After that, in
Sec. 2.5, the minimal supersymmetric extension of the SM is discussed. The chapter ends with
a brief comment about the validity of the MSSM in the light of new experimental data and
possible non-minimal realizations of SUSY.
2.1 Super-Poincaré algebra
Theoretical efforts in the ’60s to embed spacetime symmetries into a larger symmetry group
culminated in the Coleman-Mandula no-go theorem [19]. Coleman and Mandula demonstrated
that, abiding a set of reasonable physical assumptions, it is not possible to extend the Poincaré
symmetry in a non-trivial way by using bosonic charges. Golfand and Likhtman in [20] pro-
posed, following earlier works on SUSY on a 2d world sheet, a realization of SUSY in physical,
1+3 dimensional Minkowski space as a graded Lie algebra. The case of spinorial charges, not
covered by the Coleman-Mandula no-go theorem, was worked out by Haag, Łopuszański and
Sohnius [21]. They showed that, for a single spinorial charge Q, the most generic extension of
the Poincaré algebra {P µ,Mµν} is given by the so-called Super-Poincaré algebra3
{Qα, Qβ} = {Q¯α˙, Q¯β˙} = 0, (2.1)
[Qα, Pµ] = [Q¯α˙, Pµ] = 0 (2.2)
{Qα, Q¯α˙} = 2σµαα˙Pµ, (2.3)
[Mµν , Qα] = ı(σµν)α
βQβ, (2.4)
[Mµν , Q¯
α˙] = ı(σ¯µν)
α˙
β˙Q¯
β˙, (2.5)
where σµν ≡ 1
4
(σµσ¯ν − σν σ¯µ), σ¯µν ≡ 1
4
(σ¯µσν − σ¯νσµ) and σµ ≡ (I, ~σ), σ¯µ ≡ (I,−~σ) with ~σ
being Pauli matrices and µ, ν = 0, 1, 2, 3, µ < ν.
Phenomenologically interesting are mainly N = 1 supersymmetries as extended SUSY the-
ories require, among others, vector-like (and not chiral) representations of gauge groups.
2.2 Superspace and superfields
Superfields, introduced by Salam and Strathdee [15], provide a convenient tool in construct-
ing manifestly supersymmetric theories. This is done by extending Minkowski space by four
fermionic coordinates
xµ → xµ, θα, θ¯α˙, (2.6)
with indices α, α˙ = 1, 2 and θ of dimension [mass]−1/2. The SUSY generators Q are then
represented as differential operators on the superspace
Qα = −ı
(
∂α + ıσ
µ
αβ˙
θ¯β˙∂µ
)
(2.7)
Q¯α˙ = ı
(
∂α˙ + ıθ
βσµβα˙∂µ
)
(2.8)
3Only relations involving spinorial generators Q are written below.
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A function of superspace coordinates Φ(xµ, θα, θ¯α˙) is called a superfield. An expansion of Φ
as a power series in θ has the following general form
Φ(x, θ, θ¯) = f(x) +
√
2θψ(x) +
√
2θ¯χ¯(x) + θθm(x) + θ¯θ¯n(x)+
θσµθ¯Aµ(x) + θθθ¯λ¯(x) + θ¯θ¯θρ(x) +
1
2
θθθ¯θ¯D(x) , (2.9)
where for convenience (and without loss of generality) one introduces the numerical factors
of
√
2 and 1/2. Under the transformation of the Poincaré group, Aµ transforms as a vector,
ψ, χ¯, ρ, λ¯ as Weyl spinors and f, m, n, d are scalars. This SUSY representation turns out
to be reducible. To obtain irreducible representations of the supersymmetry algebra, called
supermultiplets, it is convenient to utilize SUSY covariant derivatives
Dα ≡ ∂
∂θα
− ıσµαα˙θ¯α˙∂µ, (2.10)
D¯α˙ ≡ − ∂
∂θ¯α˙
+ ıθασµαα˙∂µ, (2.11)
fulfilling
{Dα, Qβ} =
{
Dα, Q¯β˙
}
=
{
D¯α˙, Qβ
}
=
{
D¯α˙, Q¯β˙
}
= 0. (2.12)
A left-chiral superfield is defined as
D¯α˙Φ
!
= 0 (2.13)
(analogously, superfields fulfilling DαΦ†
!
= 0 are called right-chiral). It follows from Eq. 2.12
that a (right)left-chiral stays (right)left-chiral under the SUSY transformation.
The form a superfield Φ fulfilling Eq. 2.13 can be easily obtained by observing that super-
space coordinates yµ ≡ xµ+ıθσµθ¯ and θ are annihilated by D¯α˙, D¯α˙(xµ+ıθσµθ¯) = 0, D¯α˙(θ) = 0.
An (off-shell) left-chiral field must therefore have the form
Φ(yµ, θ) =φ(yµ) +
√
2θψ(yµ) + θθF (yµ) = φ(xµ) +
√
2θψ(xµ) + θθF (xµ) (2.14)
+ ı∂µφ(x
µ)θσµθ¯ +− ı√
2
θθ∂µψ(x
µ)σµθ¯ − 1
4
∂µ∂
µφ(xµ)θθθ¯θ¯,
A vector superfields fulfills condition V != V †. Most general form of a vector superfield is
given by
V (xµ, θ, θ¯) =C(xµ) + ıθχ(xµ)− ıθ¯χ¯(xµ) + 1
2
ıθθ[M(xµ) + ıN(xµ)] (2.15)
− 1
2
ıθ¯θ¯[M(xµ)− ıN(xµ)] + θσµθ¯Aµ(xµ) + ıθθθ¯
[
λ¯(xµ) +
ı
2
σ¯µ∂µχ(x
µ)
]
(2.16)
− ıθ¯θ¯θ
[
λ(xµ) +
ı
2
σµ∂µχ¯(x
µ)
]
+
1
2
θθθ¯θ¯
[
D(xµ)− 1
2
∂µ∂
µC(xµ)
]
, (2.17)
where C,M,N,D are real scalar fields, λ, χ are Weyl spinors and Aµ is a real vector field. Some
components might be removed by the supergauge transformation giving the vector multiplet in
the Wess-Zumino gauge [22]
V aWZ = θσ
µθ¯Aaµ(x
µ) + ıθθθ¯λ¯a(xµ)− ıθ¯θ¯θλa(xµ) + 1
2
θθθ¯θ¯Da(xµ). (2.18)
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It should be denoted that the Wess-Zumino gauge is non-supersymmetric (although one can
always go back to Wess-Zumino form of a vector supermultiplet by using again a super-gauge
transformation after a SUSY one).
2.3 Supersymmetric Lagrangian
Using the superfield formalism, construction of explicitly supersymmetric actions follows simple
rules. Since F and D terms transform as full derivatives, they are candidates for Lagrangian
densities. For a given chiral superfield Φ of Eq. 2.14 the F term is obtained as
F =
∫
d2θΦ
∣∣∣∣
θ¯=0
. (2.19)
Analogously, for a vector superfield V the D-term is obtained as
1
2
D =
∫
d4θ V. (2.20)
2.3.1 Lagrangian for interacting chiral superfields
Using the observation that the product of left-chiral superfields is a left-chiral superfield and that
the product Φ†Φ is a vector superfield the Lagrangian for a theory with only chiral superfields
is given by
L =
∫
d4θΦ†Φ +
(∫
d2θW [Φi] + h.c.
)
, (2.21)
where W [Φi] is a polynomial in superfields Φi. For renormalizable theories the degree of W is
at most 3.
2.3.2 Lagrangian for free vector superfields
Kinetic terms for vector superfields are constructed with the help of spinor superfieldsW defined
for the non-abelian gauge group as
Wα =− 1
4
D¯β˙D¯β˙e
−VDαeV , (2.22)
W
α˙
=− 1
4
DβDβe
V D¯α˙e−V , (2.23)
where Ds are defined in Eq. 2.10 and Eq. 2.11 and V ≡ 2gVaT a with g being a gauge coupling
and T denoting generators of the gauge group representation. Since D¯α˙Wα = DαW¯α˙ = 0 the
Wα (W¯α˙) is a left (right) chiral field. The F -term of a product WαWα (or its conjugate) is
therefore a candidate for supersymmetric action
L = 1
4
∫
d2θW a,αW aα
∣∣∣∣
θ¯=0
+ h.c., (2.24)
with the normalization to correctly reproduce canonic kinetic terms for the gauge bosons.
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2.3.3 Lagrangian for Super-Yang-Mills theory
Lagrangian for a Super-Yang-Mills theory with matter interacting with non-abelian gauge
bosons is a simple generalization of Lagrangians in Eq. 2.21 and Eq. 2.24. For a gauge group
with coupling g and a matter Φ in the gauge group representation generated by T it reads
L = 1
4
∫
d2θW a,αW aα
∣∣∣∣
θ¯=0
+ h.c.+
∫
d4θΦ†e2gVaT
a
Φ +
(∫
d2θW [Φi]
∣∣∣∣
θ¯=0
+ h.c.
)
. (2.25)
2.4 SUSY breaking
Since experiments do not detect signals of supersymmetry, SUSY must be broken in realistic
models. As every symmetry, it can be broken either explicitly or spontaneously, but due to
the SUSY mass sum rules, the latter one cannot happen in the visible sector. It can happen
in the sector mostly decoupled from the visible one and communicated to it, though. The
breaking might occur through F -terms (O’Raifeartaigh [23]), D-terms (Fayet-Iliopoulos [24])
or the combination of both mechanisms. Communicated to the visible sector through, for
example, gravity or gauge interactions spontaneous SUSY breaking will look like an explicit
one. Girardello and Grisaru [25] classified which explicit SUSY breaking terms do not intro-
ducing quadratic sensitivity to the high scale of the theory - the so-called soft-SUSY breaking
(SSB) terms. This allows to talk about SUSY phenomenology without the knowledge of its
exact breaking mechanism. The Lagrangian of Eq. 2.25 can therefore be supplemented by the
following one
Lsoft =
(
−1
2
Mλaλa −MDλaψa − 1
6
Aijkφiφjφk − 1
2
Bµ,ijφiφj − tiφi + c.c.
)
(2.26)
− (m2)i
j
φj∗φi,
where the terms are, in order: Majorana and Dirac gaugino masses, holomorphic tri- and
bilinear scalar couplings, tadpole terms and scalar masses. The second term does not exist in
the MSSM but it will be crucial in the construction of the MRSSM.
2.5 Minimal Supersymmetric Standard Model
Having discussed theoretical basics of SUSY it is instructive to examine the construction of the
simplest phenomenologically viable SUSY model – the MSSM – before discussing non-minimal
models like the MRSSM, which will be done in the next chapter.
The model is based on the SM gauge group and extends its particle content by the minimal
number of new fields (hence the name ’minimal’). Following subsections will describe MSSM
field content, its Lagrangian and provide a short discussion of its experimental status. The last
part will serve as a motivation for the discussion of non-minimal SUSY models.
2.5.1 Field content
Table 2.1 shows the field content of the MSSM. It lists superfields, their matter parity, (gauge)
quantum numbers and names of their components. The model consist of supersymmetrized
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chiral superfield matter parity spin 0 spin 1
2
U(1)Y ⊗ SU(2)L ⊗ SU(3)C
qˆ -1 q˜ q
(
1
6
,2,3
)
dˆ -1 d˜∗R d∗R
(
1
3
,1, 3¯
)
uˆ -1 u˜∗R u∗R
(−2
3
,1, 3¯
)
Hˆd 1 Hd H˜d
(−1
2
,2,1
)
Hˆu 1 Hu H˜u
(
1
2
,2,1
)
lˆ -1 l˜ l
(−1
2
,2,1
)
eˆ -1 e˜∗R e∗R (1,1,1)
vector superfield matter parity spin 1
2
spin 1 U(1)Y ⊗ SU(2)L ⊗ SU(3)C
Bˆ 1 B˜0 B0 (1,1,1)
Wˆ 1 W˜±, W˜ 0 W˜±, W 0 (1,3,1)
gˆ 1 g˜ g (0,1,8)
Table 2.1: Field content of the MSSM. No generation indices for (s)fermions are written.
matter content and two SU(2)L Higgs doublets which are needed due to holomorphicity of
the superpotential W and for anomaly cancelation. Fermionic particles of the SM are part of
chiral superfields together with their superpartners dubbed sfermions. Higgs bosons also reside
in chiral superfiels, with their fermionic partners called higgsinos. Following the discussion
in Sec. 2.2 gauge fields reside in the vector supermultiplets, with fermionic partners of gauge
bosons called gauginos.4
2.5.2 Superpotential
Knowing the field content one can write superpotential for the model. The superpotential W
of Eq. 2.25 for the MSSM then reads
W =µ Hˆu · Hˆd − Yd dˆ qˆ · Hˆd − Ye eˆ lˆ · Hˆd + Yu uˆ qˆ · Hˆu . (2.27)
where A ·B ≡ AiijBj with the Levi-Civita symbol 12 = 1.
2.5.3 Matter parity and R-parity
The superpotential in Eq. 2.27 is not the most general, gauge invariant expression that can be
written using fields in Tab. 2.1. In general, MSSM allows also for the following Baryon (B) and
Lepton (L) number violating terms to appear in the superpotential
W∆L=1 =
1
2
λijkLˆiLˆj ¯ˆek + λ
′ijkLˆiQˆj
¯ˆ
dk + µ
′Lˆi · Hˆu, (2.28)
W∆B=1 =
1
2
λ′′ijk ¯ˆui
¯ˆ
dj
¯ˆ
dk. (2.29)
4The general naming convention is that scalar partners of the SM particles get prefix s while fermionic ones
get suffix inos.
10
2.5. MINIMAL SUPERSYMMETRIC STANDARD MODEL
These terms generate unobserved effects like proton decay and are therefore highly constrained.
They can be eliminated by enforcing a so-called matter parity
Mp = (−1)3(B−L) (2.30)
acting multiplicatively on the superfields (see Tab. 2.1 for MP assignment). Since an entire
supermultiplet has the same matter parity this symmetry commutes with SUSY generators.
The matter parity is equivalent (if theory conserves angular momentum) to the R-parity defined
as
Rp = (−1)3(B−L)+2S = (−1)(3B−L)+2S (2.31)
which acts on particles (not supermultiplets) and where S is the spin of the particle.
The building assumption of the MSSM is therefore that there is a discrete Z2 symmetry
called R-parity Rp. One assigns Rp = 1 to particles of the SM (including all Higgses) and Rp =
−1 for sparticles (which is consistent with the Mp assignment in Tab. 2.1). As a consequence
of R-parity the lightest supersymmetric particle (LSP) is stable. If neutral, LSP is a candidate
for dark matter particle.
2.5.4 Soft-breaking terms in the MSSM
Following the discussion in Sec. 2.4, realistic model must be supplemented by a set of soft-
breaking terms consistent with the gauge symmetries of the model. Using Eq. 2.26, for the field
content of Tab. 2.1, the soft-breaking terms are
• gaugino masses
LSSB 3 −1
2
MBB˜B˜ − 1
2
MW W˜iW˜i − 1
2
MOg˜g˜ + h.c. (2.32)
• scalar masses
LSSB 3 −m2Hd
(|H0d |2 + |H−d |2)−m2Hu (|H0u|2 + |H+u |2) (2.33)
− d˜∗L,im2q,ij d˜L,j − d˜∗R,im2d,ij d˜R,j
− u˜∗L,im2q,iju˜L,j − u˜∗R,im2u,iju˜R,j
− e˜∗L,im2l,ij e˜L,j + e˜∗R,im2e,ij e˜R,j
− ν˜∗L,im2l,ij ν˜L,j
• holomorphic bilinear terms
LSSB 3 Bµ
(
H0dH
0
u −H−d H+u
)
(2.34)
• trilinear terms
LSSB 3H0d d˜∗R,id˜L,jAd,ij −H−d d˜∗R,iu˜L,jAd,ij +H0d e˜∗R,ie˜L,jAe,ij (2.35)
−H−d e˜∗R,iν˜L,jAe,ij −H+u u˜∗R,id˜L,jAu,ij +H0uu˜∗R,iu˜L,jAu,ij + h.c.
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Model e, µ, τ, γ Jets EmissT
∫L dt[fb−1] Mass limit Reference
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Other
MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q˜)=m(g˜) 1507.055251.85 TeVq˜, g˜
q˜q˜, q˜→qχ˜01 0 2-6 jets Yes 13.3 m(χ˜01)<200GeV, m(1st gen. q˜)=m(2nd gen. q˜) ATLAS-CONF-2016-0781.35 TeVq˜
q˜q˜, q˜→qχ˜01 (compressed) mono-jet 1-3 jets Yes 3.2 m(q˜)-m(χ˜01)<5GeV 1604.07773608 GeVq˜
g˜g˜, g˜→qq¯χ˜01 0 2-6 jets Yes 13.3 m(χ˜01)=0GeV ATLAS-CONF-2016-0781.86 TeVg˜
g˜g˜, g˜→qqχ˜±1→qqW±χ˜01 0 2-6 jets Yes 13.3 m(χ˜01)<400GeV, m(χ˜±)=0.5(m(χ˜01)+m(g˜)) ATLAS-CONF-2016-0781.83 TeVg˜
g˜g˜, g˜→qq(ℓℓ/νν)χ˜01 3 e, µ 4 jets - 13.2 m(χ˜01)<400GeV ATLAS-CONF-2016-0371.7 TeVg˜
g˜g˜, g˜→qqWZχ˜01 2 e, µ (SS) 0-3 jets Yes 13.2 m(χ˜01) <500GeV ATLAS-CONF-2016-0371.6 TeVg˜
GMSB (ℓ˜ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg˜
GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1mm 1606.091501.65 TeVg˜
GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ˜01)<950GeV, cτ(NLSP)<0.1mm, µ<0 1507.054931.37 TeVg˜
GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ˜01)>680GeV, cτ(NLSP)<0.1mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg˜
GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430GeV 1503.03290900 GeVg˜
Gravitino LSP 0 mono-jet Yes 20.3 m(G˜)>1.8 × 10−4 eV, m(g˜)=m(q˜)=1.5 TeV 1502.01518865 GeVF1/2 scale
g˜g˜, g˜→bb¯χ˜01 0 3 b Yes 14.8 m(χ˜01)=0GeV ATLAS-CONF-2016-0521.89 TeVg˜
g˜g˜, g˜→tt¯χ˜01 0-1 e, µ 3 b Yes 14.8 m(χ˜01)=0GeV ATLAS-CONF-2016-0521.89 TeVg˜
g˜g˜, g˜→bt¯χ˜+1 0-1 e, µ 3 b Yes 20.1 m(χ˜01)<300GeV 1407.06001.37 TeVg˜
b˜1b˜1, b˜1→bχ˜01 0 2 b Yes 3.2 m(χ˜01)<100GeV 1606.08772840 GeVb˜1
b˜1b˜1, b˜1→tχ˜±1 2 e, µ (SS) 1 b Yes 13.2 m(χ˜01)<150GeV, m(χ˜±1 )= m(χ˜01)+100GeV ATLAS-CONF-2016-037325-685 GeVb˜1
t˜1 t˜1, t˜1→bχ˜±1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ˜±1 ) = 2m(χ˜01), m(χ˜01)=55GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt˜1 200-720 GeV
t˜1 t˜1, t˜1→Wbχ˜01 or tχ˜01 0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ˜01)=1GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt˜1 205-850 GeV
t˜1 t˜1, t˜1→cχ˜01 0 mono-jet Yes 3.2 m(t˜1)-m(χ˜01)=5GeV 1604.0777390-323 GeVt˜1
t˜1 t˜1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ˜01)>150GeV 1403.5222150-600 GeVt˜1
t˜2 t˜2, t˜2→t˜1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ˜01)<300GeV ATLAS-CONF-2016-038290-700 GeVt˜2
t˜2 t˜2, t˜2→t˜1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ˜01)=0GeV 1506.08616320-620 GeVt˜2
ℓ˜L,R ℓ˜L,R, ℓ˜→ℓχ˜01 2 e, µ 0 Yes 20.3 m(χ˜01)=0GeV 1403.529490-335 GeVℓ˜
χ˜+1 χ˜
−
1 , χ˜
+
1→ℓ˜ν(ℓν˜) 2 e, µ 0 Yes 20.3 m(χ˜01)=0GeV, m(ℓ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01)) 1403.5294140-475 GeVχ˜±1
χ˜+1 χ˜
−
1 , χ˜
+
1→τ˜ν(τν˜) 2 τ - Yes 20.3 m(χ˜01)=0GeV, m(τ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01 )) 1407.0350355 GeVχ˜±1
χ˜±1 χ˜
0
2→ℓ˜Lνℓ˜Lℓ(ν˜ν), ℓν˜ℓ˜Lℓ(ν˜ν) 3 e, µ 0 Yes 20.3 m(χ˜±1 )=m(χ˜02), m(χ˜01)=0, m(ℓ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01)) 1402.7029715 GeVχ˜±1 , χ˜02
χ˜±1 χ˜
0
2→Wχ˜01Zχ˜01 2-3 e, µ 0-2 jets Yes 20.3 m(χ˜±1 )=m(χ˜02), m(χ˜01)=0, ℓ˜ decoupled 1403.5294, 1402.7029425 GeVχ˜±1 , χ˜02
χ˜±1 χ˜
0
2→Wχ˜01h χ˜01, h→bb¯/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ˜±1 )=m(χ˜02), m(χ˜01)=0, ℓ˜ decoupled 1501.07110270 GeVχ˜±1 , χ˜02
χ˜02χ˜
0
3, χ˜
0
2,3 →ℓ˜Rℓ 4 e, µ 0 Yes 20.3 m(χ˜02)=m(χ˜03), m(χ˜01)=0, m(ℓ˜, ν˜)=0.5(m(χ˜02)+m(χ˜01)) 1405.5086635 GeVχ˜02,3
GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1mm 1507.05493115-370 GeVW˜
GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1mm 1507.05493590 GeVW˜
Direct χ˜+1 χ˜
−
1 prod., long-lived χ˜
±
1 Disapp. trk 1 jet Yes 20.3 m(χ˜
±
1 )-m(χ˜
0
1)∼160 MeV, τ(χ˜±1 )=0.2 ns 1310.3675270 GeVχ˜±1
Direct χ˜+1 χ˜
−
1 prod., long-lived χ˜
±
1 dE/dx trk - Yes 18.4 m(χ˜
±
1 )-m(χ˜
0
1)∼160 MeV, τ(χ˜±1 )<15 ns 1506.05332495 GeVχ˜±1
Stable, stopped g˜ R-hadron 0 1-5 jets Yes 27.9 m(χ˜01)=100 GeV, 10 µs<τ(g˜)<1000 s 1310.6584850 GeVg˜
Stable g˜ R-hadron trk - - 3.2 1606.051291.58 TeVg˜
Metastable g˜ R-hadron dE/dx trk - - 3.2 m(χ˜01)=100 GeV, τ>10 ns 1604.045201.57 TeVg˜
GMSB, stable τ˜, χ˜01→τ˜(e˜, µ˜)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ˜01
GMSB, χ˜01→γG˜, long-lived χ˜01 2 γ - Yes 20.3 1<τ(χ˜01)<3 ns, SPS8 model 1409.5542440 GeVχ˜01
g˜g˜, χ˜01→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ˜01)< 740 mm, m(g˜)=1.3 TeV 1504.051621.0 TeVχ˜01
GGM g˜g˜, χ˜01→ZG˜ displ. vtx + jets - - 20.3 6 <cτ(χ˜01)< 480 mm, m(g˜)=1.1 TeV 1504.051621.0 TeVχ˜01
LFV pp→ν˜τ + X, ν˜τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν˜τ
Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q˜)=m(g˜), cτLS P<1 mm 1404.25001.45 TeVq˜, g˜
χ˜+1 χ˜
−
1 , χ˜
+
1→Wχ˜01, χ˜01→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ˜01)>400GeV, λ12k,0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ˜±1
χ˜+1 χ˜
−
1 , χ˜
+
1→Wχ˜01, χ˜01→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ˜01)>0.2×m(χ˜±1 ), λ133,0 1405.5086450 GeVχ˜±1
g˜g˜, g˜→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg˜
g˜g˜, g˜→qqχ˜01, χ˜01 → qqq 0 4-5 large-R jets - 14.8 m(χ˜01)=800 GeV ATLAS-CONF-2016-0571.55 TeVg˜
g˜g˜, g˜→t˜1t, t˜1→bs 2 e, µ (SS) 0-3 b Yes 13.2 m(t˜1)<750GeV ATLAS-CONF-2016-0371.3 TeVg˜
t˜1 t˜1, t˜1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt˜1 450-510 GeV
t˜1 t˜1, t˜1→bℓ 2 e, µ 2 b - 20.3 BR(t˜1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt˜1
Scalar charm, c˜→cχ˜01 0 2 c Yes 20.3 m(χ˜01)<200GeV 1501.01325510 GeVc˜
Mass scale [TeV]10−1 1
√
s = 7, 8 TeV
√
s = 13 TeV
ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016
ATLAS Preliminary√
s = 7, 8, 13 TeV
*Only a selection of the available mass limits on new
states or phenomena is shown.
Figure 2.1: Selection of ATLAS SUSY mass limits.
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2.5.5 Physical states
After supplementing MSSM with the soft SUSY breaking terms listed in the previous subsection,
the model becomes rather complicated. CP-conserving MSSM has (including SM ones) 124 free
parameters [26]. This number also includes new parameters of the Higgs sector not present in
the SM as after the EW symmetry breaking both of the Higgs boson doublets receive vacuum
expectation values
Hu =
(
H+u
1√
2
(vu + <H0u + ı=H0u)
)
(2.36)
Hd =
(
1√
2
(vd + <H0d + ı=H0d)
H−d
)
(2.37)
It is customary to exchange those VEVs for parameters β and v defined as tan β ≡ vu/vd and
v ≡√v2u + v2d ≈ 246 GeV. On the other hand, in contrast to the SM, the quartic Higgs coupling
in the MSSM is not a free parameter.
To summarize, the spectrum of physical states of the model consists of the SM particles
but with 2 CP-even Higgs bosons, CP-odd one, 2 Dirac charginos, 4 Majorana neutralinos,
Majorana gluino, squarks and sleptons. This list will be stacked up against the MRSSM
particle spectrum in the next chapter.
2.6 Going beyond
Supersymmetry was searched for intensively during Run 1 of the LHC. Gathered data was
interpreted mainly in the context of the MSSM (either directly in the constrained MSSM or
within simplified models with the MSSM particle content). Figure 2.1 shows a selection of
exclusion limits as for ICHEP 2016, that is including full Run I data together with the first
Run II results.5 In many cases, the exclusions reach almost to 2 TeV. Large mass splitting in
the supermultiplets reintroduces a fine-tuning problem. A folklore is that this splitting should
not be bigger than a few TeV. If this is the case, we are slowly approaching a point where
MSSM becomes a problem, not a solution. The caveat, as already mentioned in Chapter 1, is
that these results are model dependent. It has been shown in Ref. [27] that in models with
Dirac gluinos squark-gluino exclusion limits are strongly altered. Similar effect has been shown
in Ref. [3] for EW-gauginos. It is therefore important not to identify SUSY with the MSSM,
remembering that SUSY might be realized in a different way. With this in mind, the MRSSM
presented in the next chapter might provide a solution to certain shortcomings of the MSSM.
5Figure available at https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png [accessed 7.9.2016].
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3. Minimal R-symmetric Supersymmetric
Standard Model
The concept of R-symmetry is roughly as old as the supersymmetry itself [28, 29]. Beside
being a symmetry of the SUSY algebra, R-symmetry is also intimately connected with the
SUSY breaking. Nelson and Seiberg showed that, under certain assumptions, spontaneously
broken R-symmetry is a sufficient condition for SUSY breaking [30]. This does not exclude the
possibility of existing of non-supersymmetric metastable vacua with an unbroken R-symmetry
[31–33], though. Since both gauge and matter kinetic terms are automatically R-invariant, the
question arrises if R-symmetry could also be a symmetry of the superpotential and soft breaking
terms. Since for phenomenologically viable models this requires, as will be shown in this chapter,
increasing the particle content of the model beyond just simply supersymmetrizing the SM -
this road was not pursued in the ’70s. Instead most studies of the last 40 years were focused on
the MSSM where R-symmetry is explicitly broken by, for example, Majorana gaugino masses.
The failure to discover the MSSM, together with its certain theoretical shortcomings, revived
the interest in R-symmetry as a guiding principle in constructing low energy SUSY models.
This chapter is therefore devoted to describing such, phenomenologically viable, R-symmetric
SUSY models.
The chapter is structured as follows. In the next section theoretical aspects of R-symmetry
are discussed. After that, Section 3.2 describes the structure of the MRSSM. Following the
same outline as Sec. 2.5 it lists MRSSM field content (Sec. 3.2.1), superpotential (Sec. 3.2.2),
soft breaking terms (Sec. 3.2.3) and physical states of the model (Section 3.2.4). Section 3.2.5
comments on the difference of one-loop renormalization group equations for gauge coupling
between MSSM and MRSSM. Also, MRSSM tree-level tadpole equations are given in Sec. 3.2.6.
The discussion of the structure of the MRSSM finishes in Sec. 3.2.7 with a presentation of 3
benchmark points which will be used later on in confirming the viability of the model. The
chapter finishes with a description of the computational setup used for numerical analysis.
3.1 R-symmetry
As mentioned in the introduction, the super-Poincaré algebra described in Sec. 2.1 has an
additional U(1) symmetry called R-invariance or R-symmetry (denoted U(1)R). Commutation
relations of its generator R with super-Poincaré generators are given by
[Pµ, R] = [Mµν , R] = 0 (3.1)
[Qα, R] = Qα (3.2)
[Q¯α˙, R] = −Q¯α˙ (3.3)
From Equation 3.2 and Eq. 3.3, using the Baker–Campbell–Hausdorff, it follows that
R : Qα → eıϕRQαe−ıϕR = e−ıϕQα, (3.4)
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θ θ¯ d2θ d2θ¯ Q Q¯
R-charge +1 -1 -2 +2 -1 +1
Dα Wα Aµ λα D W φ ψα F
R-charge -1 +1 0 +1 0 2 RΦ RΦ − 1 RΦ − 2
Table 3.1: R-charges of different objects appearing in the construction of the SUSY Lagrangian.
The only freedom is in the assignment of R-charges RΦ to chiral supermultiplets.
meaning that the R-charge of Q is −1 (and analogously +1 for Q¯). The R-charge is also defined
for an entire superfield
R : Φ(x, θ, θ¯)→ Φ′(x, eıϕθ, e−ıϕθ¯) = eıϕRΦΦ(x, θ, θ¯). (3.5)
Reality of a vector superfield requires that R(Vˆ ) = 0. From Eq. 2.18 it then follows that
R(Vµ) = 0, R(λ) = −R(λ¯) = 1, R(D) = 0 (3.6)
For a chiral superfield Φ with R-charge RΦ, using Eq. 2.14, one gets
R(φ) = RΦ, R(ψ) = RΦ − 1, R(F ) = RΦ − 2 (3.7)
The R-charges of various objects appearing in the construction of SUSY Lagrangians are sum-
marized in Tab. 3.1. It should be stressed again that there is no freedom in the choice of
R-charge of the vector superfield. Freedom in the constructions of an R-symmetric model,
apart from the choice the field content with their gauge representations, is therefore only in the
choice of R-charges of chiral superfields. With the constraint that their charges must aggregate
to the R-charge of the superpotential which is 2.
Before continuing to the construction of the MRSSM it is instructive to relate R-symmetry
to previously considered matter and R parities. Technically, a matter parity in Eq. 2.30 is a
discrete subgroup of R-symmetry with ϕ = pi
Mp = e
ıpiR = (−1)R, (3.8)
where one identifies R-charge with B − L. Since for ϕ = pi a variable θ transforms as θ → −θ
then assigning R-charges to reproduce matter parity of the MSSM according to the above
equation means that the corresponding component fields of supermultiplets will transform under
R-symmetry as dictated by Rp of Eq. 2.31.
3.2 Minimal R-symmetric Supersymmetric Standard Model
A successful construction of low energy SUSY model preserving above mentioned R-symmetry
was presented in [10]. The model, dubbed The Minimal R-symmetric Supersymmetric Standard
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Model (MRSSM) was formulated as a means of solving the flavor problem of the MSSM.1 To
preserve R-symmetry its particle content has to be extended beyond what is present in MSSM.
Looking at Tab. 3.1 this is obviously necessary if one wants to assign R-charge 0 to SM fields.
Since the R-charge of superpotential W must be 2, the MSSM-like µ-terms of the form µHˆuHˆd
will not work as it has R-charge 0. Also, gaugino masses, which have a general form of λλ
have R-charge 2 and as such cannot appear in the soft SUSY breaking Lagrangian. Following
subsections will therefore describe how MRSSM construction circumvents those problems.2
3.2.1 Field content
In the MRSSM one introduces 5 new superfields: U(1)Y , SU(2)L, SU(3)C gauge adjoints called
Sˆ, Tˆ , Oˆ, respectively, and two SU(2)L doublets: Rˆu, Rˆd. The R-charges of adjoints are 0 to
allow them to mix with gauginos while R-charges of R-Higges are 2 (hence the name). Table 3.2
summarizes the field content of the MRSSM. For every chiral or vector supermultiplet it states
its R-charge, gauge quantum numbers as well as names of its component fields. This should be
compared with the analogous Tab. 2.1 done for the MSSM. The gauge part is identical as in
the MSSM and is shown in Tab. 2.1 only for convenience.
3.2.2 Superpotential
With the field content in Tab. 3.2 the MRSSM superpotential is given by
W =µd Rˆd · Hˆd + µu Rˆu · Hˆu (3.9)
− Yd dˆ qˆ · Hˆd − Ye eˆ lˆ · Hˆd + Yu uˆ qˆ · Hˆu
+ Λd Rˆd · Tˆ Hˆd + Λu Rˆu · Tˆ Hˆu + λd Sˆ Rˆd · Hˆd + λu Sˆ Rˆu · Hˆu,
where A · B ≡ AiijBj with the Levi-Civita symbol, 12 = 1. This superpotential consists of 3
parts
• first row of Eq. 3.9 is the MRSSM’s replacement for the conventional MSSM µ-term,
necessary to generate Higgsino masses
• second row contains Yukawa interactions, identical to those in the MSSM superpotential
in Eq. 2.27
• third row contains interactions between singlet/triplet and Higgses, similar in their struc-
ture and impact to the Yukawas
3.2.3 Soft breaking terms
As in the MSSM, supersymmetry of the MRSSM is broken by supplementing it with a set of
soft SUSY breaking terms. Decomposing the SU(2)L triplet field Tˆ as
Tˆ ≡
(
Tˆ 0/
√
2 Tˆ+
Tˆ− −Tˆ 0/√2
)
(3.10)
1This conclusion was later weaken by Ref. [34] where it was shown not to hold beyond the mass insertion
approximation.
2For possible alternative realization see Ref. [35].
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chiral superfield R-charge spin 0 spin 1
2
U(1)Y ⊗ SU(2)L ⊗ SU(3)C
qˆ 1 q˜ q
(
1
6
,2,3
)
lˆ 1 l˜ l
(−1
2
,2,1
)
Hˆd 0 Hd H˜d
(−1
2
,2,1
)
Hˆu 0 Hu H˜u
(
1
2
,2,1
)
dˆ 1 d˜∗R d∗R
(
1
3
,1, 3
)
uˆ 1 u˜∗R u∗R
(−2
3
,1, 3
)
eˆ 1 e˜∗R e∗R (1,1,1)
Sˆ 0 S S˜ (0,1,1)
Tˆ 0 T T˜ (0,3,1)
Oˆ 0 O O˜ (0,1,8)
Rˆd 2 Ru R˜d
(
1
2
,2,1
)
Rˆu 2 Rd R˜u
(−1
2
,2,1
)
vector superfield R-charge spin 1
2
spin 1 U(1)Y ⊗ SU(2)L ⊗ SU(3)C
Bˆ 0 B˜0 B0 (1,1,1)
Wˆ 0 W˜±, W˜ 0 W˜±, W 0 (1,3,1)
gˆ 0 g˜ g (0,1,8)
Table 3.2: Field content of the Minimal R-symmetric Supersymmetric Standard Model
(MRSSM). R-charges in the second column correspond to the entire superfield. The table
should be compared with Tab. 2.1 for the MSSM.
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the soft SUSU breaking terms are
• scalar masses (cf. Eq. 2.33)
LSSB 3 −m2Hd
(|H0d |2 + |H−d |2)−m2Hu (|H0u|2 + |H+u |2) (3.11)
− d˜∗L,im2q,ij d˜L,j − d˜∗R,im2d,ij d˜R,j
− u˜∗L,im2q,iju˜L,j − u˜∗R,im2u,iju˜R,j
− e˜∗L,im2l,ij e˜L,j + e˜∗R,im2e,ij e˜R,j
− ν˜∗L,im2l,ij ν˜L,j
−m2Rd(|R0d|2 + |R+d |)2 −m2Ru(|R0u|2 + |R−u |)2
−m2S|S|2 −m2T (|T 0|2 + |T+|2 + |T−|2)−m2O|O|2
• Dirac gaugino masses (cf. Eq. 2.32)
The Dirac nature of the MRSSM fermions is a prevalent feature of the model. Their Dirac
SSB masses arise in models with D-term SUSY breaking from a hidden U(1)′ [36] as∫
d2θ
√
2
W ′αW
α
i Aˆi
M
, (3.12)
where W ′,W are field-strength spinorial fields for hidden U(1)′ and SM gauge group,
respectively, and Aˆ is a chiral multiplet in the adjoint representation of the same SM
gauge group. Once the superfieldW ′α with R = 1 develops a vacuumD-term 〈W ′α〉 = D′θα
this expression will generate Dirac mass terms with mass MD ≡ D′/M . In the MRSSM
those are
LSSB 3 −MDB B˜S˜ −MDW
(
T˜+W˜− + T˜−W˜+ + T˜ 0W˜ 3
)
−MDO g˜O˜ + h.c. (3.13)
where W˜± ≡ (W˜ 1∓ ıW˜ 2)/√2. Following the discussion in Sec. 2.4 Dirac gaugino masses
are also soft (in fact they are even supersoft [36]). Equation 3.12 also generates mass
splitting between real and imaginary parts of scalar gauge adjoints through a D term
contribution
LSSB 3 −(MDS )2(S + S∗)2 − (MDT )2
3∑
i=1
(T i + T i,∗)2 − (MDO )2(O +O∗)2 (3.14)
• holomorphic bilinear terms (cf. Eq. 2.34)
LSSB 3 Bµ
(
H0dH
0
u −H−d H+u
)
(3.15)
The peculiar feature of the R-symmetry is that although the MSSM µHˆuHˆd term in
the superpotential is not allowed, the corresponding soft breaking term BµHuHd in the
SSB Lagrangian is. Conversely, the BµdRdHd and BµuRuHu terms, being counterparts of
the superpotential terms µdRˆdHˆd and µuRˆuHˆu would have R-charge 2 and are therefore
forbidden here. The RdRu term is also forbidden, as it has R-charge 4.
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3.2.4 Particle spectrum
Having shown the complete Lagrangian of the MRSSM, this subsection lists the physical states
of the model after SUSY and EW symmetry breaking. Since the analysis of the Higgs sector is
one of the pillars of this thesis its good to start from it.
The Higgs sector of the MRSSM consists of 4 fields, H0u, H0d , S, T 0, whose scalar components
acquire VEVs after the electroweak symmetry breaking (EWSB) as
H0d =
1√
2
(vd + φd + ıσd) (3.16)
H0u =
1√
2
(vu + φu + ıσu) (3.17)
T 0 =
1√
2
(vT + φT + ıσT ) (3.18)
S =
1√
2
(vS + φS + ıσS) (3.19)
and which will mix to form physical mass eigenstates. Since MRSSM is CP-conserving, states
φd, φu, φT , φS and σd, σu, σT , σS mix separatelly. This gives rise to four physical CP-even Higgs
bosons and 3 physical CP-odd ones (+ one Goldstone boson). The mass matrices for scalar
and pseudoscalar Higgses are shown in the Appendix, in Sec. B.1.2 and Sec. B.1.1, respectively.
Similarly, charged components of the SU(2)L doublets Hu, Hd and SU(2)L triplet T mix to
form 3 physical charged Higgs bosons + one Goldstone boson.
Scalar component of the R = 2 SU(2)L doublets Rˆu, Rˆd form the so-called R-Higgses [37].
While the neutral ones mix giving the mass matrix in Eq. B.4, the charged ones do not, with
masses given by Eq. B.5 and Eq. B.6. It should be noted that neutral R-Higgses are complex
scalars as masses of the scalar and pseudoscalar parts do not split.
The fermionic components of the Hu, Hd, S and T superfields form, together with gauginos
and R-Higgsinos, set of fermions called charginos and neutralinos. There are two important
distinctions here compared to the MSSM. First, there are two sets of charginos, denoted χ˜+
and ρ˜−. Their mass matrices are shown in Sec. B.3.1. As for the neutralinos, there are 4 of
them like in the MSSM but they are of a Dirac nature in the MRSSM.3 Their mass matrix is
shown in Sec. B.3.1 For the gluino, defining a Dirac bi-spinor g˜D in the Weyl representation as
g˜D ≡
(
g˜α
O˜α˙
)
, (3.20)
the Dirac gluino mass term in the Eq. 3.13 can be concisely written (reintroducing spinor
indices) as
LSSB 3 −MDO O˜αg˜α + h.c. = −MDO
(
O˜αg˜α + g˜α˙O˜α˙
)
= −MDO g˜†Dγ0g˜D = −MDO g˜Dg˜D (3.21)
As will be shown during the discussion of the strongly interacting sector of the model in
Chap. 8, the mass splitting in Eq. 3.14 has especially important consequences for the color
3The Dirac nature of neutralinos has an important consequences if they are to be the dark matter particles
[3, 38].
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octet scalars. Masses of the CP-even (OS) and CP-odd (OA) components of the sgluon field
O ≡ (OS + ıOA)/
√
2 are split as
m2OS =m
2
O + 4(M
D
O )
2, (3.22)
m2OA =m
2
O. (3.23)
Since the gluino mass parameter MDO phenomenologically must be larger than around 1 TeV,
scalar sgluon will be relatively heavy. The pseudoscalar one can be quite light though. This
will be exploited in Chap. 8.
Before finishing the discussion of the particle spectrum of the model it is important to
highlight the difference of the sfermion sectors between MSSM and MRSSM. The left-right
sfermion mixing in the MSSM is generated by the superpotential µHˆuHˆd term. Since such term
is not present in the MRSSM, no mixing is present either. This has an important consequences
for the Higgs boson mass, as will be discussed in Chap. 5.
3.2.5 Comment on the renormazalization group running
It is important to comment on the impact of the additional fields charged under the gauge
group that were added to form the MRSSM on its β functions, defined as
βg ≡ µ∂g
∂µ
=
g3
16pi2
bg. (3.24)
The one-loop coefficients b can be read off from the general formula for the Yang-Mills theory
coupled to F fermions ψi in representations Ri and S complex scalars in representations Ra as
b = −11
3
C2(G) +
2
3
F∑
i=1
T (Ri) +
1
3
S∑
a=1
T (Ra), (3.25)
where C2(G) is the quadratic Casimir of gauge group G and T (R) is the structure constant of
the representation R. The MRSSM differs from the MSSM by a presence of 5 chiral superfields.
Each chiral superfield contributes ∆b = −T (Ri) since both components of the chiral superfield
are in the same representation Ri.
Since the T (Adj(SU(N))) = N , the color-octet superfield Oˆ gives
b1-loopgs = b
1-loop,MSSM
gs + 3 = 0. (3.26)
Analogously, the SU(2)L adjoint Tˆ and doublets Rˆu, Rˆd give
b1-loopg2 = b
1-loop,MSSM
g2
+ 3 = 4 (3.27)
and the Rˆu, Rˆd contribute identical to the Hu and Hd
b1-loopg1 = b
1-loop, MSSM
g1
+
3
5
=
36
5
(3.28)
It turns out that at the one-loop level QCD coupling gets frozen at the scale where MRSSM is
matched to the SM. Moreover, since two-loop βgs > 0, the asymptotic freedom of QCD is lost.
21
CHAPTER 3. MINIMAL R-SYMMETRIC SUPERSYMMETRIC STANDARD MODEL
This is not a problem from the points of view of low-energy theory which is considered here as
the QCD Landau pole lies far beyond the Planck scale.
To construct a complete high scale theory the model would therefore had to be extended by
additional fields which would alter the running of the gauge couplings. This kind of construc-
tions might be realized in gauge-mediated SUSY breaking.
The full set of two-loop RGEs derived by SARAH [39] is used in the matching the MRSSM
parameters between the SUSY and EWSB scales, as will be explained in Sec. 3.3.
3.2.6 Tadpole equations
For completeness, this subsection gives tree-level minimization conditions for the scalar poten-
tial. Using the decomposition in Eq. 3.16 - Eq. 3.19 the minimum of the potential is determined
by the set of following four tadpole equations
0 =v cos β
(
4m2Z cos 2β − 8g1MDS vS + 8g2MDT vT + 4λ2Dv2S + 4
√
2λDvS(ΛDvT + 2µD) (3.29)
+2(ΛDvT + 2µD)
2 + 8m2Hd
)
0 =v sin β
(
−4m2Z cos 2β + 8g1MDS vS − 8g2MDT vT + 4λ2Uv2S − 4
√
2λUΛUvSvT (3.30)
+8
√
2λUµuvS + 2Λ
2
Uv
2
T − 8ΛUµuvT + 8m2Hu + 8µ2u
)
0 =vT
[
4(MDT )
2 +m2T
]
+
[
2g2M
D
T + Λd(
√
2λdvS + ΛdvT + 2µd)
]
v2 cos2 β (3.31)
− 1
4
[
2g2M
D
T + Λu(
√
2λuvS − ΛuvT + 2µu)
]
v2 sin2 β
0 =vS
[
4(MDS )
2 +m2S
]
+
1
4
[
−2g1MDS + λd(2λdvS +
√
2ΛdvT + 2
√
2µd)
]
v2 cos2 β (3.32)
+
1
4
[
2g1M
D
S + λu(2λuvS + 2
√
2µu −
√
2ΛuvT ))
]
v2 sin2 β
where m2Z ≡ 14(g21 + g22)v2 is square of the tree-level Z-boson mass. Those equations are then
solved analytically for m2Hd , m
2
Hu
, vS and vT . The advantage of this approach over solving them
for m2S and m2T is that by controlling these parameters directly one avoids accidental tachyonic
states in Higgs mass matrices.
3.2.7 Benchmark points
Having described the structure of the MRSSM this section presents benchmark points which
will be used to test phenomenological validity of the presented model. These points are called
BMP1, BMP2 and BMP3 and are presented in Tab. 3.3. The upper part of the table presents
parameters which were set differently for every BMP. Middle part lists parameters whose values
were common for all BMPs. Sfermion mass matrices were chosen to be diagonal, with parame-
ters for the third generation different than for the first two in case of squark matrices. Sfermion
masses are (generation) universal. These parameters are defined following the SPA convention
[40], meaning, among others, that they are defined in the DR scheme at the scale of 1 TeV.
Lower section of the table shows parameters calculated using one-loop corrected tadpole equa-
tions (cf. Eq. 3.29 - Eq. 3.32). Together with SM inputs this completely specifies benchmark
points.
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BMP1 BMP2 BMP3
tan β 3 10 40
Bµ 500
2 3002 2002
λd, λu 1.0,−0.8 1.1,−1.1 0.15,−0.15
Λd, Λu −1.0,−1.11 −1.0,−0.85 −1.0,−1.03
MDB 600 1000 250
m2Ru 2000
2 10002 10002
µd, µu 400, 400
MDW 500
MDO 1500
m2T , m2S, m2O 30002, 20002, 10002
(m2u)11,22, (m
2
u)33 2500
2, 10002
(m2d)11,22, (m
2
d)33 2500
2, 10002
(m2u)11,22, (m
2
u)33 2500
2, 10002
m2l , m2e 10002
m2Rd 700
2
vS 5.27 1.3 −0.14
vT −0.267 −0.19 −0.34
m2Hd 674
2 7612 11582
m2Hu −4982 −5442 −5432
Table 3.3: Definition of benchmark points. Dimensionful parameters are given in GeV or
GeV2, as appropriate. The first part gives input parameters that are specific for each point,
while the second part gives input parameters common for all points. Sfermion mass matrices
are diagonal. The last part shows parameters derived from loop-corrected tadpole equations.
These benchmark points are characterized by widely different values of tan β, the Yukawa-
like couplings λ, Λ of the order of the top-quark Yukawa and scalar soft masses of around 1
TeV (with the notable exception of the triplet soft-mass, which must be large to give small
triplet VEV). The numerical values of these parameters are quite generic, in that no special
fine-tuning is needed.
Next chapters will compute a selection of physical predictions for these benchmark points,
most importantly Higgs and W boson masses. These points were of course chosen such, as to
be in agreement with them, i.e. were chosen based on the calculations done in the following
chapters. Their placement here is an editorial decision.
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define (running) parameters at the SUSY scale
running parameters at the SUSY scale (as defined in the BoundarySUSYScale block) 
are read in from EXTPAR block of the SPheno run card together with 
the ratio of the VEVs from the MINPAR block
solve tree-level tadpole equations
calculate tree-level SUSY masses and vertices
match MRSSM at the Z boson pole mass scale 
to the SM
calculate MRSSM counterparts of the SM parameters 
like gauge couplings by applying MRSSM threshold 
corrections 
calculate 1- or 2-loop self-energies and loop-
corrected mass matrix
using solutions of above tadpole equation
calculate loop-corrected tadpole equations
run down to EW scale and back to 
the SUSY scale
iterate until a fix point is found
Figure 3.1: Schematic flow of the SARAH generated SPheno code (see Ref. [41] to learn more).
See Sec. F.1 for the definition of EXTPAR and BoundarySUSYScale blocks.
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3.3 Computational setup
Before delving into the actual calculations it is important to outline how they will be organized.
The computational setup is based on the SARAH [39, 42, 43] and SPheno [44, 45] framework.4
SARAH is a code sometimes referred to as a spectrum-generator generator. Based on the analytic
expressions created by Mathematica it generates SPheno-like spectrum generator. Section F.1
shows the steering file controlling this generation, based on the model file MRSSM.m distributed
with SARAH, together with some useful in code comments.5 The numerical values in Table 3.3
are used as the boundary conditions at the scale of 1 TeV. This requires setting flag 2 in the
SPhenoInput block to 1 (see Sec. F.2 for the description of the SPheno input card.) These
parameters are then run down to the scale of Z boson mass using two-loop renormalization
group equations and matched to the SM as described in the next chapter. The procedure
is iterated until an (approximate) fix point is found. Fig. 3.1 shows the general flow of the
program. The input to the entire calculation (both input and technical parameters) is specified
in Sec. F.2.
3.4 Conclusions
This chapter described in detail the philosophy and the construction of the Minimal R-symmetric
Supersymmetric Standard Model. Starting with the principle of preserving the R-symmetry at
the low scale, the phenomenologically viable model was constructed. The necessary extensions
which had to be made compared to MSSM lead to a model with an interesting phenomenol-
ogy, different from what is usually considered in SUSY studies. The role of next chapters will
therefore be to confront this model with available experimental data, especially against the ever
increasing set of LHC measurements.
4Throughout this thesis a v.4.8.6 of SARAH and v.3.3.8 of SPheno are used.
5The original SPheno.m steering file for the MRSSM distributed with SARAH generates a low energy model
i.e., among others, without any RGE running.
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4. W boson mass in the MRSSM
In literature, the expression ’electroweak precision observables’ (EWPO) usually refers to a
multitude of EW observables measured either at low energies (like the muon decay constant) or
around the Z-pole (like the widths of the gauge bosons). Historically, EWPO played a crucial
role in constraining values of masses of the top quark and the Higgs boson before their actual
discovery [46]. In 1994, a year before the discovery of the top quark by the Tevatron [47], a
global EW analysis led to an indirect determination of its mass as [48]
mt = 177± 11+18−19 GeV. (4.1)
Since Higgs boson mass mh was unknown at that time, the central value of the above prediction
corresponds to mh = 300 GeV with the second error describing the change of the top mass with
variation of mh between 60 GeV and 1 TeV while the first error is experimental. Unfortunately,
EWPO are much less constraining for the Higgs boson mass, since they depend on it only
logarithmically. This can be seen in Fig. 4.1, which shows the result of a recent EW fit,
done already after the discovery of the Higgs boson. It is nevertheless clear that even without
discovering W,h and t one could say quite a lot about their masses (grey region). This shows
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Figure 4.1: Contours of 68% and 95% confidence level obtained from scans of fits with fixed
variable pairs mW vs. mt. Plot taken from Ref. [49].
the importance of EW observables in indirectly constraining models.
Nowadays, since masses of W,h and t are well known, EWPO can be used to constrain
models of physics beyond the SM. One of those observables is the mass of the W boson. If
one takes as know best measured observables such as Z-boson mass mZ , muon decay constant
Gµ and the electromagnetic coupling constant in the MS scheme at the mZ scale, then mW
becomes a calculable quantity which can be compared with experiment. This observable is of
special interest for the MRSSM since, as was explained in the previous chapter, contrary to the
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models with a custodial SU(2), in the MRSSM mW receives additional tree-level contribution
from the VEV of the SU(2)L triplet T .
The chapter is structured as follows. Before discussing the full one-loop calculation of the
W boson mass next section reminds the notion of STU parameters since, as will be argued
in Sec. 4.4, the full MRSSM contribution is well approximated by just the T parameters. In
Sec. 4.2 the one-loop MRSSM specific contributions are discussed. That section describes how
muon decay constant is extracted from experiment and how it is related to the W boson mass.
The general setup of the calculation is also explained. Since, as was mentioned in the Preface
to this thesis, part of the calculations was done in collaboration with Philip Diessner, Jan
Kalinowski and Dominik Stöckinger, Section 4.2.3 presents only details of the δV B calculation
which was performed by me. For the discussion of oblique corrections, see original work [1] or
Philip Diessner’s thesis [50]. However, when discussing the W boson mass in later chapters, all
corrections will be included.
4.1 Peskin-Takeuchi STU parameters
Before starting a full calculation of mW , it is instructive to discuss the so-called STU parame-
ters [51–55]. Under the assumptions that
1. there are no new gauge bosons
2. BSM coupling to light fermions is suppressed
3. the scale m of BSM is large compared to mZ1
most new physics effects will be captured by corrections to gauge bosons self-energies. The STU
parameters are therefore defined as certain combinations of BSM contributions to self-energies
ΠnewZZ , ΠnewZγ , Πnewγγ , ΠnewWW as
α
4c2ws
2
w
S ≡ Π
BSM
ZZ (m
2
Z)− ΠBSMZZ (0)
m2Z
− c
2
w − s2w
cwsw
ΠBSMZγ (m
2
Z)
m2Z
− Π
BSM
γγ (m
2
Z)
m2Z
(4.2)
αT ≡ Π
BSM
WW (0)
m2W
− Π
BSM
ZZ (0)
m2Z
(4.3)
α
4s2w
(S + U) ≡ Π
BSM
WW (m
2
W )− ΠBSMWW (0)
m2W
− cw
sw
ΠBSMZγ (m
2
Z)
m2Z
− Π
BSM
γγ (m
2
Z)
m2Z
(4.4)
where α ≡ αe(mZ) and cw is the weak-mixing angle. Obviously, S, T and U are 0 in the SM
by definition. As an example, the approximate expression for the shift of W boson mass due
to BSM contributions is [56]
m2W = (m
SM
W )
2
(
1− αS
2(c2w − s2w)
+
c2wαT
c2w − s2w
+
αU
4s2w
)
(4.5)
Figure 4.2 shows the result of the fit done by the Gfitter group [49] with allowed region in
the S − T plane for U = 0.2
1This parametrization can be extended for the case of m & mZ by introducing 3 additional parameters,
called VWX [56].
2In the language of effective field theory U -parameter is proportional to the Wilson coefficient of a dimension
8 operator and thus is often assumed to be 0.
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Figure 4.2: Allowed region in the S − T plane for U = 0. Plot taken from Ref. [49].
In the MRSSM, which contains an SU(2)L-triplet with non-zero VEV vT , one gets contri-
bution to the T parameter already at the tree level, modifying Eq. 4.5 to
m2W ≈ (mSMW )2
(
1 +
4v2T
v2
− αS
2(c2w − s2w)
+
c2wαT
c2w − s2w
+
αU
4s2w
)
. (4.6)
The |vT | is strongly constrained by the EWPO to be . 4 GeV. Solving the tadpole equation in
Eq. 3.31 for vT one obtains
vT =
v2
4
· sin
2 β
(
2g2M
D
T +
√
2λuΛuvS + 2Λuµu
)− cos2 β (2g2MDT +√2λdΛdvS + 2Λdµd)
m2T + 4(M
D
T )
2 + v
2
4
(
Λ2d cos
2 β + Λ2u sin
2 β
) .
(4.7)
If |vT | is to be small, the denominator must be large unless one introduces large cancelations
in the numerator. The pragmatic approach is therefore to assume that |mT | & 2 TeV, with vT
being a solution of the tadpole equations as was done for BMPs of Tab. 3.3. The advantage of
this solution over choosing the vT as input is that in the latter case m2T often becomes negative.
As will be shown later, in the MRSSM the most important contribution to the mW comes
from the T parameters. In some cases the contribution to the T parameter has an especially
simple form. Such is the case of the R-Higgs sector where one gets
T ≈ 1
16pisˆ2W mˆ
2
W
{
− sin2 2θRF0
(
m2R1 ,m
2
R2
)
+ cos2 θR
[
F0
(
m2R1 ,m
2
R+1
)
+ (1→ 2)
]
+ sin2 θR
[
F0
(
m2R1 ,m
2
R+2
)
+ (1↔ 2)
]}
, (4.8)
In the above equation θR parametrizes rotation diagonalizing neutral R-Higgs mass matrix in
Eq. B.4 and
F0(x, y) = x+ y +
2xy
x− y log
y
x
. (4.9)
Also, contributions proportional to the (vT/v)
2 were neglected. The Eq. 4.8 has a structure
similar to the stop-sbottom one [57]. Since
lim
y→x
F0(x, y) = 0,
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in the case of no-mixing in the R-Higgs sector (θR = 0) the contribution is proportional to the
mass splittings in the R-Higgs SU(2)L doublets as expected.
Reference [1] contains approximate expressions also for contributions from other sectors of
the model. Unfortunately, due to the non-trivial nature of the mixing matrices, they are much
more complicated than Eq. 4.8 and can be derived only in suitable limits. Hence only the
numerical results for the benchmark points of Tab. 3.3, but with values of Λu -1.2 (BMP1), -1.0
(BMP2) and -1.15 (BMP3), are given here3
S T U
BMP1 0.0097 0.090 0.00067
BMP2 0.0092 0.091 0.00065
BMP3 0.0032 0.085 0.0010
These numbers agree with experimental measurements which are S = −0.03± 0.1, T = 0.01±
0.12, U = 0.05 ± 0.1 [58]. As mentioned before, the advantage of STU parameters is that
all EWPO can be approximated through them. They do not capture the process specific
corrections though. From the viewpoint of constraining MRSSM through mW measurement it
is therefore worthwhile to perform a full one-loop calculation of that observable.
4.2 W boson mass in the MRSSM at full one-loop level
In the SM, EW gauge sector can be described at the tree level in terms of only 3 parameters:
g1, g2 and v. The same is true for the MSSM with v2 ≡ v2u + v2d. In the MRSSM a forth
parameter has to be chosen, for example the SU(2)L triplet VEV vT . Beyond the tree level,
these parameters have to be interpreted as the renormalization scale dependent quantities,
which I denote with a caret. Following arguments in [59], gˆ1, gˆ2 and vˆ are traded in favor
of physical quantities mZ (physical Z-boson mass), Gµ (muon decay constant) and the MS
electromagnetic coupling constant at the Z pole αˆMS,SM(mZ). As was explained in Sec. 3.2.6,
vT is exchanged in favor of other DR parameters of the model through the tadpole equation.
At this point all model parameters are specified - either as a direct DR quantities or through
their matching to respective SM counterparts. This allows to proceed with the calculation of
the W boson mass.
4.2.1 Master formula
The starting point of the calculation of the W boson mass is its relation to the muon decay
constant Gµ. The muon decay can be described in terms of an (effective) four-fermion operator
as
Leff = −Gµ√
2
[
ψ¯νµγ
µ(1− γ5)ψµ
] [
ψ¯eγ
µ(1− γ5)ψνe
]
, (4.10)
1
τµ
=
G2µm
5
µ
192pi3
F
(
m2e
m2µ
)(
1 +
3
5
m2µ
m2W
)[
1 +H1
(
m2e
m2µ
)
αˆ(mµ)
pi
+H2
(
m2e
m2µ
)
αˆ2(mµ)
pi2
]
, (4.11)
3These values of Λu are tailored to give ≈ 125 GeV Higgs boson mass at the one-loop level and are the
original BMPs of Ref. [1]. See Ref. [50] for a thorough discussion of the STU parameters in the MRSSM.
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where
F (ρ) =1− 8ρ+ 8ρ3 − ρ4 − 12ρ2 ln ρ = 0.99981295, (4.12)
H1(ρ) =
25
8
− pi
2
2
− (9 + 4pi2 + 12 ln ρ)ρ+ 16pi3ρ3/2 +O(ρ2) = −1.80793 [60], (4.13)
H2(ρ) =
156815
5184
− 518
81
pi2 − 895
36
ζ(3) +
67
720
pi4 +
53
6
pi2 ln 2 (4.14)
− (0.042± 0.002)had. − 5
4
pi2
√
ρ+O(ρ) = 6.64 [61], (4.15)
αˆ−1(mµ) =α−1 +
1
3pi
ln
m2e
m2µ
+O
(
m2e
m2µ
)
= 135.901, (4.16)
forme = 0.510998928±0.000000011 andmµ = 105.6583715±0.0000035 MeV. F is a phase space
correction due to the non-zero mass of an electron and H1 and H2 capture higher order QED
corrections in the Fermi theory. With the muon lifetime of τµ = (2.1969811±0.0000022)·10−6 s,
this corresponds to Gµ = 1.1663787(6)× 10−5 GeV−2 [58].
In the full theory, like the MRSSM, the muon decay constant is not an independent param-
eter but a function of more fundamental Lagrangian parameters
Gµ√
2
=
piαˆ
2sˆ2Wm
2
W
(1 + ∆rˆW ) (4.17)
where αˆ and sˆ2W ≡ gˆ21/(gˆ21 + gˆ22) are DR-renormalized running MRSSM electromagnetic coupling
constant and sine of the weak mixing angle, respectively. The first-order correction from W
boson propagator, term 3/5m2µ/m2W present in Eq. 4.11, is not taken into account as it is
numerically negligible. The denominator (1−∆rˆW ) contains quantum corrections from the W
boson self-energy, process dependent box- and vertex-type contributions and counterterms. It
also properly resums leading two-loop SM corrections as shown in [11].
One can eliminate the sˆW in terms of the ρˆ parameter, connecting the on-shell and DR
renormalization schemes, defined as
ρˆ =
m2W
m2Z cˆ
2
W
, (4.18)
to obtain the master formula for the W boson mass
m2W =
1
2
m2Z ρˆ
[
1 +
√
1− 4piαˆ√
2Gµm2Z ρˆ(1−∆rˆW )
]
(4.19)
Hence, to calculate mW , one needs to compute the quantities αˆ, ρˆ, and ∆rˆW which depend on
the entire particle content of the model.
4.2.2 Computational framework
The computation of the quantities αˆ, ρˆ, ∆rˆW proceeds as follows. The DR running electro-
magnetic coupling αˆ in the MRSSM can be obtained from the known running SM 5-flavor
coupling αˆMS,SM by matching them at the scale of mZ . This requires adding MRSSM threshold
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corrections and the finite counterterm which converts from MS to DR. These are
2pi
α
∆αˆDR,MRSSM(mZ) =
1
3
−
6∑
i=1
(
1
3
log
ml˜±i
mZ
+
1
9
log
md˜i
mZ
+
4
9
log
mu˜i
mZ
)
−
3∑
i=1
(
4
3
log
ml±i
mZ
+
4
9
log
mdi
mZ
+
16
9
log
mui
mZ
)
−
3∑
i=1
1
3
log
mH±i
mZ
−
2∑
i=1
1
3
log
mR±i
mZ
−
2∑
i=1
4
3
(
log
mχ±i
mZ
+ log
mρ±i
mZ
)
,
(4.20)
where α is the electromagnetic coupling in the Thomson limit. In case of benchmark points in
Tab. 3.3 this expression is always negative, reducing the value of the running coupling
αˆ(mZ) =
αˆMS,SM(mZ)
1−∆αˆDR,MRSSM(mZ)
≤ αˆMS,SM(mZ) (4.21)
to approximately
αˆ−1(mZ) ≈ 132 . (4.22)
Large corrections to the W boson mass originate from the ρˆ parameter defined in Eq. 4.18.
In the SM, the dominant contributions arise from top/bottom loop; in the MRSSM there are
not only loop contributions but already a tree-level contribution due to the presence of the
Higgs triplet with a VEV vT as already pointed out in Eq. 4.6. This is used to define the
tree-level shift ∆ρˆtree using
ρˆtree =
mˆ2W
mˆ2Z cˆ
2
W
≡ 1 + ∆ρˆtree = 1 + 4v
2
T
v2
. (4.23)
Here mˆV (V = W,Z) are the tree-level DR masses related to the pole masses mV by
mˆ2V = m
2
V + <(ΠˆTV V (m2V )), (4.24)
where ΠˆTV V denotes the finite part of the respective transverse vector boson self energy. The
loop contributions to ρˆ are given by
ρˆ
ρˆtree
≡ 1
1−∆ρˆ =
m2W
m2Z ρˆtreecˆ
2
W
=
mˆ2Z/m
2
Z
mˆ2W/m
2
W
=
1 +
<(ΠTZZ(m2Z))
m2Z
1 +
<(ΠTWW (m2W ))
m2W
, (4.25)
where Eq. 4.24 and 4.23 were used. The full ρˆ can then be approximated by
ρˆ ≈ 1
1−∆ρˆtree −∆ρˆ , (4.26)
neglecting products of the form ∆ρˆtree∆ρˆ which are numerically negligible.
The remaining quantity ∆rˆW can then be written as [11]
∆rˆW = ∆ρˆ(1−∆rˆ) + ∆rˆ, (4.27)
∆rˆ = <
(
1
1−∆ρˆ
ΠˆTWW (0)
m2W
− Πˆ
T
ZZ(m
2
Z)
m2Z
)
+
1
1−∆ρˆδV B. (4.28)
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The term δV B contains vertex and box diagram contributions to muon decay and is calculated
explicitly in the next section. It is worth noting that in these equations only the loop con-
tributions to ρˆ appear. This way of writing the contributions and the master formula 4.17
automatically resums leading reducible two-loop contributions. Inclusion of further leading
irreducible SM-like two-loop contributions according to [11, 62, 63] is discussed in Sec. 4.3.
The numerical calculation of W mass is part of the BoundaryEW subroutine of SPheno and
follows the setup outlined in this subsection.
4.2.3 MRSSM vertex and box corrections
The δV B is defined as
δV B = 2 ·
√
2
g2
δV +
2cˆ2wm
2
Z
g22
B +
1
2
δZeL +
1
2
δZµL +
1
2
δZνeL +
1
2
δZ
νµ
L , (4.29)
where δV and B are vertex- and box-corrections to the muon decay and δZiL stands for the
external wave function renormalization of the lepton i. The calculation of those quantities is
done with the help of SARAH [64] generated FeynArts [65] model, FeynArts and FormCalc [66].
Passarino-Veltman loop functions [67] B0, B1, C0, C00, D00 appearing in the final result follow
the LoopTools [66] convention while the mixing matrices U, V,N are defined in Eq. B.9, B.10
and B.12.
External wave functions renormalization
A generic diagram contributing to the renormalization of the external lepton wave functions is
shown in Fig. 4.3. Decomposing the general fermion self-energy −ıΣff as
Σff = Σ
L
ff/pPL + Σ
R
ff/pPR + Σ
M
ffmf , (4.30)
where PL,R ≡ (1∓ γ5)/2 and mf is the fermion mass, one finds, in the flavor conserving limit
and assuming that leptons are massless, for the left-handed projector
ΣL,MRSSM-SMµµ =
g22
16pi2
2∑
i=1
∣∣V 1i1∣∣2B1 (m2χ±i ,m2ν˜µ) (4.31)
+
1
16pi2
4∑
i=1
∣∣∣∣g2N1i2 + g1N1i1√2
∣∣∣∣2B1 (m2χi ,m2µ˜L) ,
ΣL,MRSSM-SMνµνµ =
g22
16pi2
2∑
i=1
∣∣U2i1∣∣2B1 (m2ρ±i ,m2µ˜L) (4.32)
+
1
16pi2
4∑
i=1
∣∣∣∣g2N1i2 − g1N1i1√2
∣∣∣∣2B1 (m2χi ,m2ν˜µ) ,
where the superscript MRSSM-SM is to remind that only contributions not present in the SM
were written. Since it was assumed that leptons are massless, Eqs. 4.31 and 4.32 hold also
for leptons of the first generation. External wave functions are renormalized in the on-shell
scheme, i.e.
δZLi = Σ
L,MRSSM
ii . (4.33)
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Figure 4.3: Generic form of a diagram giving the non SM-like contribution to the external wave
function renormalization.
Vertex correction
Fig. 4.4 contains non-SM corrections to the muon decay vertex. The corresponding analytic
expression for the amplitude reads
−ıδV = − ıg2
16
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4∑
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.
Although diagrams from Fig. 4.4 have the same analytic expression as in the MSSM, due to the
absorption of W˜± into χ+ and ρ−, respectively, diagram 2 is independent in magnitude from
diagram 1, as it depends on the mass of a different particle.
Box correction
Figure 4.5 contains the most relevant box-type contributions to muon decay in the MRSSM.
Those diagrams are both UV and IR finite. The expression for them, after factorizing out the
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Figure 4.4: Non-SM corrections to the µ− → W−νµ decay vertex. Diagrams proportional to
the muon Yukawa coupling are not shown.
μ
νμ
� ν�
ν˜μ
χ�+
χ�ν˜� μ
νμ
� ν�
μ˜
χ�
ρ�-
�˜
Figure 4.5: Non-SM box contributions to µ− → νµe−ν¯e in the MRSSM. Diagrams proportional
to lepton’s Yukawa or vanishing in the flavor-conserving limit are not shown.
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spinor structure (cf. Eq. 4.29), reads
− ıB = − ı
16pi2
2∑
i=1
4∑
j=1
∣∣∣∣g22V 1i1(g1N1j1 − g2N1j2√2
)∣∣∣∣2D00 (m2χ±i ,m2χj ,m2ν˜µ ,m2ν˜e)
− ı
16pi2
2∑
i=1
4∑
j=1
∣∣∣∣g22U2i1(g1N1j1 + g2N1j2√2
)∣∣∣∣2D00 (m2ρ±i ,m2χj ,m2µ˜,m2e˜) . (4.35)
The structure of this correction is different from the one in the MSSM due to the Dirac nature
of MRSSM’s neutralinos and the fact that W˜+ and W˜− are parts of two different types of
charginos. This forbids the existence of two additional MSSM-like diagrams with mass-term
W˜+ − W˜− mixing. Although distinct from the MSSM, for benchmark points under considera-
tion, the contribution from the box-correction is below 1 MeV.
4.3 One- and two-loop SM corrections
The MRSSM result from the previous section needs to be supplemented by the one-loop SM
contribution
∆rˆ1-loopSM =ρˆ
αˆ
4pisˆ2w
[
6 +
(
7
2
− 5
2
s2w − sˆ2w
(
5− 3
2
c2w
cˆ2w
))
ln c2w
s2w
]
. (4.36)
Also, for numerical studies done in later chapters, additional two-loop ααs corrections to ∆rˆ
and ∆ρˆ according to [63, 68] are implemented
∆rˆ2-loopSM =
αˆαs
4pi2
(
2.145
m2t
m2Z
+ 0.575 ln
mt
mZ
− 0.224− 0.144m
2
Z
m2t
)
(4.37)
− 1
3
x2t
(
ZH12
sin β
)2
ρ(2)
(
mh
mt
)
(1−∆rˆ)ρˆ
∆ρˆ2-loopSM =
αˆαs
4pi2sˆ2w
(
−2.145 m
2
t
m2W
+ 1.262 ln
mt
mZ
− 2.24− 0.85m
2
Z
m2t
)
(4.38)
+
1
3
x2t
(
ZH12
sin β
)2
ρ(2)
(
mh
mt
)
,
where xt ≡ 3Gµm2t/(8
√
2pi2) and for r ≤ 1.9 the ρ(2)(r) can be approximated as [69]
ρ(2)(r) ≡19− 33
2
r +
43
12
r2 +
7
120
r3 − pi√r
(
4− 3
2
r +
3
32
r2 +
1
256
r3
)
(4.39)
− pi2
(
2− 2r + 1
2
r2
)
− ln r
(
3r − 1
2
r2
)
In the above formulas it is assumed that the lightest Higgs boson of massmh is mainly composed
of Hu gauge eigenstate which, in the convention of this work, is the second state in the Higgs
boson mass matrix (hence the presence of the ZH12 element of the mixing matrix).
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δV B = 0 one-loop SM MRSSM two-loop SM
BMP1 80.586 80.413 80.415 80.396
BMP2 80.570 80.397 80.398 80.382
BMP3 80.574 80.401 80.402 80.386
Table 4.1: Impact of different contributions to δV B on mW (mW given in GeV). Contributions
are stacked from left to right.
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Figure 4.6: Comparison of the mass of the W boson depending on Λu, calculated using full
MRSSM contributions and different approximations for the T parameter (see Refs. [1, 50] for
details). The black stars mark the corresponding benchmark points of Ref. [1]. Plots prepared
by P. Diessner.
4.4 Numerical results
Before discussing numerical results of the full one-loop calculation, it is instructive to look at
its approximation based on Eq. 4.6. Full discussion can be found in [1, 50], here I only briefly
state that the full result turns out to be well approximated by just the T parameter, which in
turn is dominated by the neutralino/chargino contribution. This can be seen in Fig. 4.6, where
Eq. 4.5 with different approximations of the T parameter, is used. The complete MRSSM result
(i.e. including vertex and box corrections) is well approximated by the SM two-loop calculation
supplemented with a T parameter contribution. Moreover, the T parameter is dominated by
chargino/neutralino contributions. From this it is clear that the MRSSM ∆rˆ contribution is
small. This is proved in Table 4.1. As before, the numerical analysis was performed with the
help of SPheno. Treatment of δV B in SPheno is controlled by the flag 58 of SPhenoInput block.
Setting it to 2 excludes BSM contributions, while setting it to 0 sets δV B = 0 altogether. The
first column of Tab. 4.1 shows predictions for mW without any δV B contribution, second after
including one-loop SM contribution, third after adding genuine MRSSM effects and forth after
adding partial two-loop SM results. It is clear from Tab. 4.1 that the dominant contribution to
δV B comes from the SM, with MRSSM one being negligible. This confirms the aforementioned
agreement seen in Fig. 4.6.
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4.5 Conclusions
In this chapter it was shown, that MRSSM may be consistent with the measurement of the W
boson mass. To this end, the chapter described how MRSSM is matched to the SM and howmW
is calculated. It also gave explicit expressions for MRSSM contributions to δV B. Numerically,
it turns out that δV B is dominated by one- and two-loop SM contributions, with negligible
MRSSM effect. As such, the mW dependence on MRSSM model parameters comes mainly
from universal self-energy corrections, which in turn are well described by the T parameter.
The full constraining power of the mW as an observables will be discussed in Sec. 6.4, for
now it is important to note two things. Due to necessarily small triplet VEV vT the connected
with it through tadpole equationmT will generally be large, of the order of 2−3 TeV (unless one
arranges special cancelation between model parameters). Second, chosen benchmark points of
Tab. 3.3 are in agreement with the measured mW within one experimental standard deviation.
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5. Higgs boson mass in the MRSSM
On July 4, 2012 ATLAS and CMS experiments announced the discovery of a Higgs boson,
together with the first measurements of its properties. By the end of Run 1, its mass was
determined to be 125.09± 0.21 (stat.) ± 0.11 (syst.) GeV [70]. With that precision, the Higgs
boson mass became an electroweak precision observable, much like mW , and as such any viable
model of BSM physics needs now to accommodate it. To this end, this chapter is devoted to
the calculation of full one-loop and leading two-loop corrections to its mass in the MRSSM.1
The chapter is structured as follows. The next section gives tree-level values of the lightest
Higgs boson mass for benchmark points of Tab. 3.3, explaining the necessity of calculation of
higher order corrections. After that, in Sec. 5.2, the complete, momentum dependent, one-loop
corrections to its mass are introduced, while Sec. 5.3 describes effective potential based calcula-
tion of two-loop Higgs boson mass in the gauge-less limit. To this end, Sec. 5.3 introduces the
notion of effective potential together with the discussion of its limitations and made approxi-
mations. It also gives the explicit expression for MRSSM specific contribution. Chapter ends
with the comparison of results at the tree, one-loop and two-loop levels for BMPs of Tab. 3.3,
as well as a function of the most important superpotential parameters.
5.1 Higgs boson mass at the tree level
As discussed in Sec. 3.2.4, in MRSSM physical CP-even Higgs bosons are mixtures of real parts
of 4 gauge eigenstates: scalar fields H0u, H0d , S and T 0. The full tree-level mass matrix is given
in Sec. B.1.2. The matrix is taken at the EW minimum, determined from Eq. 3.29 - Eq. 3.32,
and written in term of 3 2-by-2 blocks: MSSM-like one, singlet-triplet one and a mixing block.
The mixing between the MSSM and the singlet-triplet blocks results in the lightest Higgs boson
mass which is smaller in the MRSSM compared to analogous parameter point in the MSSM
(under the assumptions used in this thesis, that m2S,m2T are large).2 The values of tree-level
Higgs bosons masses for 3 benchmark points from Tab. 3.3 are given in Tab. 5.1, and as a
function of superpotential parameters λu,d, Λu,d at the end of the chapter, in Fig. 5.4. The
smallest tree-level mass occurs, as expected, for BMP with the smallest value of tan β, giving
≈ 70 GeV.
Clearly, substantial loop corrections are needed to bring predicted Higgs boson mass into
agreement with measurements.
1Since the SUSY scale is not greater than a few TeV a fixed order calculation is used. See Ref. [71] for the
discussion of the impact of an all order resummation on the Higgs boson mass in the MRSSM, important for
SUSY scales & 10 TeV.
2See also Ref. [3] for the discussion of an alternative scenario, in which the SM-like Higgs boson is the
second-to-lightest one.
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5.2 One-loop corrections to Higgs boson mass
One-loop corrected Higgs boson masses are obtained as a solution in p2 of the equation
determinant[p2 · 1−<(m2H(p2))] = 0, (5.1)
where 1 is a 4-by-4 identity matrix and
m2H(p
2) = (mˆtreeH )
2 − Πˆ1-loop(p2). (5.2)
where mˆtreeH and Πˆ1-loop(p2) are the DR [72] tree and renormalized one-loop self-energy matrices,
respectively. The Equation 5.2 cannot be solved analytically due to a complicated structure of
one-loop corrections. Therefore, this calculation was embed in the numerical SARAH - SPheno
framework which was then adapted to our purposes. The general setup for the calculation is
the same as illustrated in Fig. 3.1 for the case of calculation of W boson mass.
Whether one-loop masses of particles other than mW are calculated is controlled by flag 55
of SphenoInput block (see Sec. F.2). In SPheno there is an important distinction between the
calculation of one-loop corrections to particle masses, and inverting these relation to obtain
tree-level masses from on-shell masses which are used as input ( so for example pole mZ).
The first one is done in the OneLoopMasses subroutine using loop-corrected tadpole equations
while the latter is done in the BoundaryEW routine using tree-level tadpoles (as explained in the
previous chapter).
Impact of different contributions to loop-corrected masses can be studied in two ways. One
is generating Spheno code with FlagLoopContributions = True option (see Sec. F.1) which
includes switches to exclude loop contributions from selected particle(s). These switches are
global, that is they influence calculation of every loop quantity in SPheno, and as such they are
affecting how the MRSSM is matched to SM in BoundaryEW. Therefore including or not given
sectors does also change tree-level value of Higgs boson mass through threshold corrections to
DR parameters.
Alternatively, one can comment out in the source code contributions to tadpoles and one-
loop Higgs boson self-energies from given particles (one also has to disable calculation of two-
loop contributions, more on them in the next section). Calculation of self-energies for particleX
is done in SPheno inside Pi1LoopX subroutine while the loop-corrected tadpoles are calculated
in OneLoopTadpoleshh subroutine. The loop-corrected masses of all particles will change, but
the tree-level parameters used in the calculation of self-energies will remain constant (apart for
those extracted from tadpole equations).
Here, the latter option is used. Table 5.1 analyzes contributions to the lightest Higgs boson
mass sector by sector. Since the benchmark points were chosen such as to give the correct
≈ 125 GeV Higgs boson mass at the two-loop level, final numbers in Table 5.1 are still of by a
few GeV. This is discussed in the next section.
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tree-level
+
gauge
ghost
Higgs
+
quark/squark
+
chargino
neutralino
+
R-Higgses
all
BMP1 70.0 78.5 105.7 115.1 120.3 120.3
BMP2 86.6 93.2 116.5 119.9 120.5 120.5
BMP3 90.8 91.0 114.8 120.4 120.7 120.7
Table 5.1: The lightest Higgs boson mass (in GeV) for the benchmark points: tree-level value
and after adding one-loop contributions sector by sector of the MRSSM.
5.3 Two-loop corrections to Higgs boson mass
At the time of writing, most advanced results for Higgs boson mass in the MSSM are based
on momentum dependent two-loop calculation done for selected sectors of the MSSM [73].
Unfortunately, up until recently, calculations in other SUSY models were much less advanced.
Since [74] an automatized tool for calculating Higgs bosons masses based on two-loop effective
potential in the gauge-less limit is available for broad range of SUSY models. In Ref. [2] we
analyzed impact of two-loop corrections on the Higgs boson mass in the MRSSM, where I have
derived expression for the MRSSM-specific contributions.
In this sections I summarize the method of calculating corrections to the mass matrix based
on the effective potential approximation and calculate O(αtαs) corrections that involve Dirac
gluino or scalar sgluon (since if parameterMDO is real, a pseudoscalar part does not contribute).
Physical masses come from the poles of the propagator matrix as in the one-loop case, see
Eq. 5.2, where this time
m2H = (m
tree
H )
2 − Π1-loop(p2)− Π2-loop(p2). (5.3)
Since the calculation of momentum dependent two-loop self energies Π2-loop(p2) is computation-
ally challenging, one can rewrite the above equation as
m2H(p
2) = (mtreeH )
2 − Π1-loop(p2)− Π2-loop(0)− (Π2-loop(p2)− Π2-loop(0)), (5.4)
Since the last term is subdominant, one can approximate m2H(p2) as
m2H(p
2) ≈ (mtreeH )2 − Π1-loop(p2)− Π2-loop(0). (5.5)
The self-energy in the zero-momentum approximation Π2-loop(0) can be the calculated using
the effective potential. This method was employed in the calculation of two-loop corrections to
Higgs boson mass in the MSSM in Refs. [75, 76].
5.3.1 Definition of the effective potential
I start with recalling the definition of generating functional Z (see for example [77]),
Z[J ] =
∫
Dφ exp
{
ıS[φ] + ı
∫
d4xJ(x)φ(x)
}
, (5.6)
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for action S depending on field φ. One can also define the functional W [J ] ≡ −ı lnZ[J ] which,
contrary to Z[J ], generates only connected diagrams. The (quantum) effective action Γ is then
defined as the Legendre transform of W [J ],
Γ[φ] = W [Jφ]−
∫
d4xJφ(x)φ(x), (5.7)
where Jφ is an implicit function of φ as a solution of the equation
φ(x) ≡ ∂W [Jφ]
∂Jφ(x)
. (5.8)
meaning that Jφ is the current needed for the expectation value of φˆ operator to be3
φ(x) = 〈J |φˆ|J〉, (5.9)
Differentiating Eq. 5.7 with respect to φ gives
∂Γ[φ]
∂φ(x)
=
∫
dy
(
∂W [Jφ]
∂Jφ(y)
∂Jφ(y)
∂φ(x)
− ∂Jφ(y)
∂φ(x)
φ(y)
)
− Jφ(x) = −Jφ(x), (5.10)
which means that the field configuration φ for which a solution of Eq. 5.8 is Jφ = 0 extremizes
the effective potential. Conversely, from Eq. 5.9, φ(x) corresponding to Jφ = 0 is given by
the VEV of the field operator. This means, that the effective action has a minimum in a true
vacuum state of the theory.
One can expand effective action in terms of derivatives of φ as
Γ[φ] =
∫
d4x [−Veff (φ) + derivative and non-local terms] . (5.11)
For a constant field φ this gives
Γ[φ = const.] = −Veff (φ)
∫
d4x = −4-volume · Veff (φ). (5.12)
Since the ground state of the theory must be translationally invariant not to break momentum
conservation, one can search for it minimizing Γ[φ] instead of Veff (φ).
Effective potential can be calculated in a few ways. One, used in this work, is by expanding
the Lagrangian around a stationary point φb as φ→ φb + φ, φb being the solution of equations
of motion in the presence of current Jφ = 0, and doing the functional integral over φ. It can be
shown that this new background effective action Γb fulfills the relation
Γb[φ, φb] = Γ[φ+ φb] (5.13)
For φ = 0 one gets Γb[0, φb] = Γ[φb]. Calculation of Γb[0, φb] means to calculate diagrams
with no external φ legs (i.e. only φ in the loops) in the presence of a background field φb. The
background field can then be treated either perturbatively or, in the case of simple backgrounds
like a constant field and more than one-loop, exactly (that is operating with φb dependent masses
and vertices, see Appendix A.1 of [78]). The latter method is used here.
3This justifies often used name ’classical field’.
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5.3.2 Comment on gauge-dependence of the mass corrections from
effective potential
Before continuing with the discussion of the two-loop corrections, it is instructive to comment
on the gauge dependence of the effective potential. This dependence comes both from the
fact that effective action generates only one-particle irreducible (1PI) graphs and from the
fact that the effective potential will give only off-shell Higgs boson self energies Σhihj(0). It
turns out though, that the αs corrections will be gauge-independent. Heuristically, this can
be understood as follows: all two-loop vacuum diagrams proportional to αs are 1PI; moreover,
QCD does not ’know’ what is the Higgs boson mass, hence it cannot be sensitive to whether
it is on- or off-shell. The formal proof of this follows the derivation of the Nielsen identity [79]
using the notion of extended BRS symmetry [80–83] as done in [84]. Using the extended BRS
symmetry s (with the BRS transformation for the gauge parameter ξ) being
sξ = χ, sχ = 0, (5.14)
where χ is a Grassmann variable with a Faddeev-Popov charge +1 gives the extended Slavnov-
Taylor identity (with an implicit sum over i)
0 = S(Γ) =χ
∂Γ
∂ξ
+
∫
d4x
∂Γ
∂Yi
∂Γ
∂ϕi
. (5.15)
In the above equation Yi are sources and ϕi are particle fields. Differentiating with respect to
χ at χ = 0 yields
∂Γ
∂ξ
= −
∫
d4x ΓχYiΓϕi + ΓYiΓχϕi
∣∣
χ=0
, (5.16)
where a shorthand notation Γx ≡ ∂Γ/∂x was introduced. Differentiating twice more with
respect to Higgs fields ϕ gives
∂Γφφ
∂ξ
= −
∫
d4xΓφφχYiΓϕi + ΓφχYiΓφϕi + ΓχYiΓφφϕi + ΓφφYiΓχϕi (5.17)
+ΓφYiΓφχϕi + ΓYiΓφφχϕi
∣∣
χ=0
, (5.18)
where indices on φ were suppressed. Since Yi couples to gauge transformation, for αs corrections
Yi and ϕi will be a color-charged. All terms on the right hand side are products of two derivates
of effective actions, each derivative containing only one differentiation with respect to strongly
interacting particle. No such 1PI diagrams can exist due to color conservation. This proves
that the calculation is QCD gauge invariant.
5.3.3 Sgluon and gluino contributions to the effective potential
In this section the effective potential method is applied to the calculation of two-loop corrections
to Higgs boson mass of O(αtαs) that involve Dirac gluino or sgluon. At the one-loop level, the
Higgs boson mass depends on Dirac gluino and sgluon only through threshold corrections to
quark Yukawas and this dependence is small. Therefore, dependence on the Dirac soft massMDO
and sgluons soft mass mO is a genuine two-loop effect. Since both Yt and gs are of the O(1), one
can expect a sizable contribution. In contrast, superpotential parameters Λi, λj, which are also
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Figure 5.1: Two-loop corrections to the Higgs boson mass corresponding to Eq. 5.19, depending
on the Dirac mass MDO and the soft-sgluon mass m2O.
of the O(1), appear already at the one-loop level and therefore one expects that their impact at
two loops should be moderate, hence the focus is first on the sgluons and gluino contributions.
This statement is checked later on by an explicit numerical calculation, see Fig. 5.4.
Figure 5.1 shows all relevant Feynman diagrams with vertices and Feynman rules as de-
picted in Sec. C.2. The analytic expression for these contribution, based on loop integrals from
Ref. [85], reads
V
(2)
eff =8
(
gsM
D
O
16pi2
)2 ∑
i=L,R
fSSS(m
2
t˜i
,m2t˜i ,m
2
OS
) (5.19)
+ 8
( gs
16pi2
)2 ∑
i=L,R
fFFS(m
2
t ,m
2
t˜i
,m2g˜D)
where
fFFS = J(x, y)− J(x, z)− J(y, z) + (x+ y − z)I(x, y, z) (5.20)
fSSS = −I(x, y, z) (5.21)
with
J(x, y) = xy(lnx− 1)(ln y − 1) (5.22)
I(x, y, z) =
1
2
(x− y − z)ln y ln z + 1
2
(y − x− z)lnx ln z + 1
2
(z − x− y)lnx ln y (5.23)
+2x lnx+ 2 y ln y + 2 z ln z − 5
2
(x+ y + z)− 1
2
ξ(x, y, z) (5.24)
and lnx = ln(x/Q2). For x, y ≤ z
ξ(x, y, z) = R ·
[
2 ln
(
z + x− y −R
2z
)
· ln
(
z + y − x−R
2z
)
(5.25)
− ln
(x
z
)
· ln
(y
z
)
− 2Li2
(
z + x− y −R
2z
)
(5.26)
−2Li2
(
z + y − x−R
2z
)
+
pi3
3
]
(5.27)
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Figure 5.2: Naming convention for the two-loop vacuum diagrams. Dashed lines denote scalars,
solid ones fermions. Large dots between clashing arrows on F¯ F¯S topology denote mass inser-
tion. Diagrams come from Ref. [85].
and R = (x2 + y2 + z2 − 2xy − 2xz − 2yz)1/2. Coefficients of Eq. 5.19 can be obtained from
Ref. [85] by applying translation rules from real to complex fields. Many such rules can be
found in Ref. [74]; an additional rule needed here for the case of a Lagrangian L = −cΦ1|Φ2|2,
where Φ1, c ∈ R,Φ2 ∈ C, is VSSS = 12 |c|2fSSS(m21,m22,m22).
The structure of the supersymmetric-QCD (SQCD) corrections in Eq. 5.19 is markedly
different from the MSSM case. An important difference to the MSSM is that contributions
with fermion mass insertions, corresponding to FFS-type diagram (see Fig. 5.2 for the naming
convention of topologies), are not present in the MRSSM. Such contributions vanish due to the
lack of L-R mixing between squarks. On the other hand, MRSSM features SSS-type diagram
with the sgluon field. As discussed in Sec. 3.2.4, after the SUSY breaking, the mass of the
pseudoscalar part of the complex sgluons field O, decomposed as O = 1√
2
(OS + ıOA), is equal
to the soft-breaking parameter m2OA = m
2
O, while the mass of the scalar part is shifted by the
D-term contribution m2OS = m
2
O + 4(M
O
D )
2.4 Thus, this diagram also depends on Dirac gluino
mass MDO . In the CP-conserving MRSSM considered in this work there is no SS -type diagram
with sgluon and squarks.
5.3.4 Higgs mass from the effective potential
Following the calculation of the two-loop contributions to the effective potential V (2)eff in the last
section, the two-loop correction to the φuφu Higgs mass matrix element in the zero-momentum
approximation is given by5
Π2-loopφuφu (0) =
(
∂2
∂vu∂vu
− 1
vu
∂
∂vu
)
V
(2)
eff . (5.28)
4In Ref. [1] a simplifying assumption was made that masses of the scalar and pseudoscalar components of
(complex) sgluon field were equal, since it was unimportant for that analysis.
5As pointed out in [74], in SARAH the two-loop tadpole contributions are included directly in vacuum mini-
mization condition and not in Eq. 5.28.
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Figure 5.3: Contour lines for an approximate two-loop corrections to the Higgs boson mass (in
GeV) for mq˜ = mu˜ = 1 (a) and 5 TeV (b). Threshold corrections to αs and Yt are not taken
here into account.
The effective potential V (2)eff depends on vu through stop masses, which in the gauge-less limit
approach:
m2t˜L t˜L → m2q +
1
2
Y 2t v
2
u, (5.29)
m2t˜R t˜R → m2u +
1
2
Y 2t v
2
u, (5.30)
where mq and mu are soft squark masses and Yt is top quark Yukawa coupling.
For large tan β corrections to the Higgs mass matrix of order O(αbαs) cannot be neglected
any more. But since they contribute only to φdφd matrix element, their impact on the mass
of the lightest Higgs, which stems mainly from the φuφu element, is minimal. Although the
expression Eq. 5.19 can be differentiated analytically, the result is quite lengthy and not given
here. Instead Figure 5.3 shows the size of numerical result calculated assuming that the lightest
Higgs is a pure φu state, using formula
mrefh
√
1 +
δm2h
(mrefh )
2
(5.31)
for mrefh = 125 GeV and without threshold corrections to αs and Yt. gs and Yt are fixed to
tentative values of 1, while vu = 246 GeV (these also fixes running top mass as mt = 1√2Ytvu).
The plot is done for 2 different choices of squark masses: mq˜ = mu˜ = 1 TeV (a) and 5
TeV (b). As was shown in Ref. [2], in the MSSM for the case when stop squarks do not
mix the contribution from gluino turns negative for large values of the gluino mass. Since
this contribution is identical in the MRSSM, one could expect a similar result. It turns out
though, that positive contribution from the diagram with sgluon exchange overpowers negative
contribution from gluino diagram as it grows faster with MDO .
In total, the contribution from these diagrams is around +1 GeV for TeV squarks.
46
5.4. NUMERICAL RESULTS
5.4 Numerical results
Figure 5.4 shows the lightest Higgs boson mass at tree, one-loop and two-loop levels as a function
of superpotential couplings λu,d, Λu,d and µu. The plots are done varying these parameters while
keeping others fixed to their respective benchmark point values - that is BMP1 in column (a),
BMP2 in (b) and BMP3 in (c). The masses are calculated using SARAH generated SPheno so,
contrary to the previous section, corrections to all elements of the Higgs mass matrix and from
all possible particles are taken into account in full and threshold corrections to quark Yukawas
from strongly interacting particles were included as well.6
In Figure 5.4 the tree-level results are denoted by dashed lines. They exhibit, as discussed
earlier, a quadratic dependence on Λ and λ due to the mixing with the triplet and the sin-
glet states that reduces the predicted Higgs boson mass well below the MSSM upper limit of
mZ | cos 2β|. The dotted lines show the one-loop corrected mass. Due to the large and positive
corrections from top Yukawa and Λ/λ couplings the dependence on Λ/λ parameters is reversed
and allows to reach values in the 125 GeV range. Finally, solid lines show the predicted Higgs
boson mass with leading two-loop corrections which approximately amount to a constant up-
ward shift. The two-loop corrections are moderate, of order a few GeV, which in spite of large
one-loop corrections, give us confidence in the perturbative expansion.
5.5 Conclusions
This chapter discussed the calculation of the Higgs boson mass in the MRSSM. In the considered
setup, where the soft masses |mS| and |mT | are in the few TeV range, the tree-level Higgs mass
is bounded from above by mZ | cos 2β| like in the MSSM. Due to mixing with singlet and triplet
states the mass is additionally reduced, though. For MRSSM to be phenomenologically viable,
large radiative corrections must be invoked. This was shown to be possible already at one-loop
level in Ref. [1]. Enlarged MRSSM EW sector gives sufficiently large contributions to Higgs
mass even without left-right mixing in the stop sector and at a moderate values of the stop
squark masses, i.e. below 1 TeV. One-loop contributions from different particle groups were
given in this chapter, together with overall dependence of one-loop contribution on the most
important superpotential parameters.
After Ref. [1], the leading two-loop corrections to the Higgs boson mass in the MRSSM
became also known. Benchmark points in this thesis are characterized by values of Λu smaller
than in that work, chosen to reproduce the correct Higgs boson mass at the two-loop level.
The two-loop corrections turned out to be moderate, increasing its mass by around +5 GeV
for considered benchmark points.
This chapter discussed also the setup of this calculation and gave analytic formulas for
leading MRSSM specific contributions. The formulas were re-derived following the original
Ref. [85], and revealed a mistake in the original implementation of diagram (a) in Fig. 5.1 in
SARAH.
6Technically, SARAH implements 3 methods for calculating two-loop corrections (controlled by the value of
flag 8 in SphenoInput): numerical (value 1) and semi-analytical (2) methods based on the effective potential
and a diagrammatic approach (3) [86]. Numerically, for BMPs of Tab. 3.3 the latter two give the lightest Higgs
mass which differ by less than 10 MeV, while the numerical one gives the value which is less than 100 MeV
different for BMP1 compared to diagrammatic or semi-analytical approach. The diagrammatic approach allows
also to calculate two-loop corrections to the mass of the pseudoscalar Higgs bosons as explained in Ref. [87].
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Figure 5.4: Higgs mass at tree, one-loop and two-loop levels as a function of superpotential
parameters λu, Λu and µu. All other parameters are fixed as for BMP1 in column (a), BMP2
in (b) and BMP3 in (c).
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With two-loop augmented calculation of the Higgs boson mass, in the next chapter predic-
tions for mW and mh are confronted and their interdependence on superpotential parameters
is discussed.
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6. Interdependence of Higgs mass and other
electroweak observables
Previous two chapters were devoted to describing the setup for calculation of loop corrections
to the Higgs and W boson masses. This included both full one-loop corrections for both
observables and dominant two-loop corrections to CP-even Higgs boson mass. Although these
chapters showed that both observables can be explained within MRSSM, their interdependence
has not yet been discussed. To fill this gap, this chapter will present a set of benchmark points
in agreement with both of them. Since we know quite precisely from Run 1 of the LHC not only
the Higgs boson mass, but also its main decay patterns (see for example Fig. 6.1), observables
such as Higgs signal strength and negative results from Higgs searches must be taken into
account when checking validity of the benchmark points.
The benchmark points will also be shown to pass basic tests such as vacuum stability and
selected b-physics observables. Around these points, valid regions of parameter space will be
identified, both by 2d parameters scans and by random scatter scans.
The chapter is structured as follows. The next section presents used numeric tools and mass
spectra plots. It also gives numerical values for masses of selected particles. The philosophy
behind checking the Higgs sector against experimental data is explained, and LO couplings
of the Higgs boson to SM particles are given. Section 6.2 shows 2d scans around a selected
benchmark point, while Section 6.3 does the same in a higher number of parameters. The
chapter ends with conclusions in Sec. 6.4.
6.1 Properties of the benchmark points
Following the discussion of the computational setup done in Chap. 3, 4 and 5 this section
presents complete mass spectra for the benchmark points in Tab. 3.3. The particle masses
were calculated using SARAH generated SPheno code and visualized in Fig. 6.2. As discussed in
previous chapters, all masses are calculated at full one-loop level, with the exception of scalar
and pseudocalar Higgs masses, which are calculated with leading two-loop corrections.1 The
left column of every spectrum plot contains only "Higgs" states (that is, including R-Higgses),
the middle one contains only EW-inos, while the right one shows strongly interacting particles
and sleptons. The spectra reach up to 3 TeV, where the heaviest states are mainly composed
of scalar triplet or octet. These masses are driven by the large value of the soft SUSY breaking
triplet mass parameter m2T , which must be large to guarantee a small triplet VEV. Masses of
the Higgs bosons lying around 2 TeV could in principle be lowered without changing conclusions
of this chapter. Since both the pseudoscalar sgluon and gluino must be at least in the 1 TeV
range, this implies that scalar sgluon will also be heavier than 2 TeV. Masses of squarks of 1st
1 Since Ref. [87] two-loop corrections to psedudoscalar Higgs masses are also available. Since they are not
essential to this analysis and for BMPs of Tab. 3.3 are roughly 0, they are not discussed here further.
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Figure 6.1: The measured production strengths for a Higgs boson from ATLAS (a) and CMS
(b), normalized to the SM expectations. The best-fit values for a given channel are shown by
the solid vertical lines on (a) and points on (b). Dotted vertical line on (a) and vertical line on
(b) show the overall best-fit value.
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Figure 6.2: Particle mass spectra for tan β = 3 (a), tan β = 10 (b) and tan β = 40 (c). Since
all 1st- and 2nd-generation squarks are almost degenerate in mass they they are commonly
denoted as q˜. Also, since left/right mass splitting for stops (sbottoms) is small, they are
commonly denoted as t˜ (b˜). Plots were done using PySLHA [88].
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H2 A1 H
±
1 R1 R
±
1 χ1 χ2 χ
±
1 ρ
±
1 t˜1 b˜1 ν˜
BMP1 897 896 899 912 906 415 420 416 427 1059 1061 1002
BMP2 937 937 940 926 921 413 423 413 429 1061 1062 1003
BMP3 1245 1245 1248 896 891 251 408 408 424 1060 1056 1000
Table 6.1: Masses of selected particles (in GeV) for three benchmark points.
γγ gg W±W∓∗ ZZ∗ τ+τ− cc¯ bb¯
BMP1 0.914 1.005 0.999 0.999 1.196 0.981 1.196
BMP2 0.928 1.024 1 1 1.17 0.998 1.17
BMP3 0.915 1.028 1 1 1.109 1 1.109
Table 6.2: Squared effective couplings of the lightest Higgs boson to the gauge boson and
fermion pairs normalized to the SM values. Couplings are calculated at the leading order.
and 2nd generation are constrained by flavor observables. For quantitative analysis, Tab. 6.1
contains masses of selected particles (the mass of the lightest Higgs boson is shown in Tab. 6.4).
For every BMP, the Higgs sector was checked against LEP and hadron colliders (both
Tevatron and LHC) data using HiggsBounds [89–93] v4.3.1 and HiggsSignals [94–96] v1.4.0.
Both programs are run in the effc mode, in which the input to the analysis comprises:
• the masses of neutral and singly charged Higgs bosons;
• their total decay widths;
• the squared normalized scalar (subscript s) and pseudoscalar (p) effective Higgs couplings
to fermions
(gMRSSMs,hk(OP)/g
SM
H(OP))
2, (gMRSSMp,hk(OP)/g
SM
H(OP))
2, where OP = {ss¯, cc¯, bb¯, tt¯, µ+µ−, τ+τ−};
• the squared normalized effective Higgs couplings to bosons2
(gMRSSMhihjZ /g
ref
H′HZ)
2, (gMRSSMs,hk(OP)/g
SM
H(OP))
2, where OP = {W+W−, ZZ, γγ, gg};
• the neutral Higgs branching ratios without SM equivalents
BRMRSSM(hk → hihj), BRMRSSM(hk → invisible);
• the charged Higgs branching ratios to SM particles
BRMRSSM(H+j → SM), where SM = {cs¯, cb¯, τ+vτ}.
The reference value grefH′HZ , which does not have its counterpart in the SM, is defined as
(grefH′HZ)
2 =≡ e2/(4s2wc2w). All these quantities are calculated automatically by SPheno. Ta-
ble 6.2 gives values of selected effective Higgs couplings for the benchmark points.
To use both LEP and hadron collider data in HiggsBounds, the option whichanalyses must
be set to LandH. HiggsSignals is run using the latestresults flag with the peak-centered χ2
method and Gaussian Higgs mass uncertainty. Both HiggsBounds and HiggsSignals are run
with and without theoretical uncertainty on the SM-like Higgs mass, which is assumed to be
±5 GeV.
2HiggsBounds is also capable of checking Higgs-Zγ and Higgs-Zgg couplings but since for SARAH v4.8.6 these
couplings are not calculated, those channels were removed from the list.
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104·BR(B → Xsγ) BR(B0d → µ+µ−) 109·BR(B0s → µ+µ−)
BMP1 3.47 1.04 · 10−10 3.24
BMP2 3.45 1.03 · 10−10 3.19
BMP3 3.35 9.52 · 10−11 2.95
experiment 3.43± 0.21± 0.07 [101] < 7.4 · 10−10 [102] 2.9
+1.1
−1.0 [102]
3.0+1.0−0.9 [103]
Table 6.3: Values of selected b-physics observables for benchmark points 1-3 compared to
experimental results.
BMP1 BMP2 BMP3
mh 125.3 GeV 125.7 GeV 125.4 GeV
mW 80.396 GeV 80.382 GeV 80.386 GeV
HiggsBounds’s obsratio (w/o t.u.) 0.62 0.68 0.88
HiggsBounds’s obsratio (w/ t.u.) 0.58 0.57 0.88
HiggsSignals’s p-value (w/o t.u.) 0.77 0.14 0.77
HiggsSignals’s p-value (w/ t.u.) 0.79 0.81 0.82
Table 6.4: Collection of different predictions for the benchmark points defined in Tab. 3.3. For
details see the full text. Compared to the original publication [1] the p-value for BMP2 without
theoretical uncertainty dropped significantly. This is due to new data, which pulled the Higgs
mass closer to 125 GeV.
Table 6.4 summarizes properties of the Higgs sector. It gives the values of the two-loop
corrected SM-like Higgs boson masses, the HiggsBounds’s obsratios and HiggsSignals p-
values (both with and without assumed theoretical uncertainty of 5 GeV on the Higgs mass).
The value of obsratio ≥ 1 would mean that the parameter point is excluded at 95% C.L.
Likewise, the parameter point is excluded if the HiggsSignals p-value < 0.05.
The BMPs were also checked for stability of the EW minimum in the {vd, vu, vS, vT} space
using Vevacious v1.2.01 [97, 98], and found to be stable.
Selected b-physics observables, namely B → Xsγ and Bs/d → µ+µ−, were calculated using
SARAH′s FlavourKit package [99, 100] and found to be in agreement with experiment (see
Tab. 6.3), as generally expected from the R-symmetric models [10].3
To summarize, the three benchmark points are consistent with mentioned experimental
measurements despite different values of Lagrangian parameters.
6.2 Contour plots
Having discussed the properties of the benchmark points, I now come to the analysis of param-
eter space around them. This is mainly to illustrate that there is nothing special about the
3See also Ref. [34] for the discussion of flavor observables in models with Dirac gauginos beyond the mass
insertion approximation.
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choice of input parameters in Tab. 3.3. To limit the number of plots, this analysis is shown
only for BMP3. Similar plots for other BMPs can be found in Refs. [1, 2].
Fig. 6.3 presents contour plots in the plane of two selected Lagrangian parameters while
keeping all others fixed to the BMP3 values. The left column shows the lightest Higgs mass
contours for 100, 120, 125, 130 GeV together with the colored region, allowed at 95% C.L. by
HiggsBounds, while the middle column does the same for the HiggsSignals. The right column
shows predictions for the W boson mass in the same parameter space with contours for 80.385,
80.4, 80.43, 80.46 GeV. As can be seen in the plot, the HiggsSignals non-exclusion bound is
more stringent and usually follows the assumed 5 GeV theoretical uncertainty on Higgs mass
calculation. The important feature of the mW −mH interdependence is the removal of two-fold
degeneration for some parameters such as Λu. From the point of view of Higgs mass, both
positive and negative Λu are allowed. But since mW mass ellipses are shifted toward negative
Λu, this puts large positive Λu in conflict with precision EW observables.
6.3 Multiparameter scan
To conclude the analysis of valid parameter space, this section presents multidimensional scans
around BMP3. The scan is done simultaneously for λu,d,Λu,d, µu,d,M1/2 and tan β. These
parameters are scanned in the following ranges
−1.5 ≤ λi,Λi ≤ 1.5 (6.1)
0 ≤ µu,d, MDS/T ≤ 1 TeV (6.2)
1.1 ≤ tan β ≤ 60 (6.3)
The basic requirement for an acceptable parameter point is that it be non-tachionic and have
a neutralino or a sneutrino as a lightest supersymmetric particle. They were then projected on
the mW - X plane, for X ∈ {tan β, λu,Λu, µu,MDT }, and visualized in Fig. 6.4. The green band
is the 3σ region around the measured value of W boson mass. White points are in agreement
with HiggsBounds, while the red ones also pass the HiggsSignals test. It is clear that there
is no preference as far as the value of tan β is concerned. Also, as discussed in the previous
section, mW tends to prefer negative values of λu and Λu. A quite generic feature is that
the contributions to the T parameter from Eq. 4.3 scale like T ∝ µ−2u (see Ref. [50] and the
discussion around Eq. 4.16 in [1]). This explains why mW goes out of green band when µu → 0
on Fig. 6.4.
The multiparameter scan proves that there is nothing unique in the selected benchmark
points. Around each BMP exists a large, connected multidimensional parameter space pre-
dicting correct Higgs and W boson masses but with other possibly distinct features while in
Ref [3] a separate parameter region with the second-to-lightest Higgs as a SM-like Higgs was
also identified.
6.4 Conclussion
This chapter ends the discussion of electroweak observables within the MRSSM. Chapter 4
showed that even despite the presence of SU(2)L triplet with a non-zero vacuum expectation
value and an extended electroweak sector the model can be in agreement with the W boson
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Figure 6.3: Plots showing contours of constant Higgs (left and center column) and W masses
(right column) in the plane of two parameters as shown, with other parameters fixed as for
BMP3. Colored regions in the left column are allowed by HiggsBounds, in the center one by
HiggsBounds and HiggsSignals.
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Figure 6.4: Multidimensional scans around BMP3 projected on 2d planes. Green band shows
3σ region around the measured value of mW , mW = 80.385 ± 3 · 0.015 GeV. Black points are
in agreement with HiggsBounds (HB), red points with both HiggsBounds and HiggsSignals
(HS).
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mass and other EWmeasurements. Chapter 5 dealt with the analysis of the Higgs sector at tree,
one-loop and two-loop levels, describing the Higgs boson mass calculation setup and identifying
parameter regions where the SM-like Higgs state has a mass of around 125 GeV, even without
the left-right mixing in the stop sector. The lack of this contribution is compensated by new
contributions from the extended Higgs sector with Yukawa-like couplings λ,Λ.
In the present chapter, all these results were combined, pointing to a large region of pa-
rameter space with interesting phenomenology. Characteristically, this region features light
stops and EW-inos well within the reach of Run 2 of the LHC. Devised benchmark points were
thoroughly tested, especially against data concerning the Higgs sector. As such, the MRSSM
presents a viable alternative to MSSM and NMSSM.
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7. Next-to-Leading Order QCD corrections
to sgluon pair production
After the discussion of the electroweak sector I now turn to the analysis of strongly interacting
particles of the MRSSM. As in the previous chapter, their phenomenology is different than in
the MSSM. As was shown in Refs. [27, 104], LHC exclusion limits for squarks (and gluinos) are
altered in the MRSSM due to the Dirac nature of the gluino (see Fig. 7.1). As suggested by
high scale models of R-symmetric gauge mediation [33], Dirac gauginos might be significantly
heavier than squarks, which makes them kinematically not accessible at the LHC. In that case
one is left only with squarks and a pair of (real) color octet scalars. Moreover, since the masses
of sgluons are split by the D-term contribution as discussed in Sec. 3.2.4, one of them will
be substantially heavier than the other if the gluino is heavy. The other one, whose mass is
controlled at tree level only by a soft-breaking mass parametermO, might be light and produced
copiously at the LHC through its coupling to gluons.1 Moreover, as mentioned in Sec. 3.2.1,
sgluons are uncharged under R-symmetry and can be produced by, and decay directly to, SM
particles. It is therefore important to analyze their production at the LHC, as the discovery
of a colored resonance decaying to SM particles without an LSP would be a smoking gun for
the MRSSM. In what follows the discussion is limited only to the sgluon sector. For a more
thorough discussion of the strongly interacting sector of the MRSSM, I refer to the forthcoming
publication [105].
7.1 Sgluons pair production at leading order
At the LHC, sgluons can be produced in pairs via tree-level couplings to gluons (a model-
dependent single sgluon production via loop-induced coupling to gg or qq¯ might become com-
petitive only for heavy states). If squarks and gluinos are heavy, as suggested by the LHC,
sgluon pair production can be described by a simplified model given by the Lagrangian
L = LSM + 1
2
DµODµO − 1
2
m2OO
2, (7.1)
with the corresponding Feynman rules given in Fig. 7.2. For further analysis, a FeynArts
add-on model (for the SM model file) with the Lagrangian of Eq. 7.1 was created. Sgluons are
produced in qq¯ or gg channels through diagrams shown in Fig. 7.3 with partonic cross sections
σˆBqq¯ =
2piα2s
9sˆ
β3, (7.2)
σˆBgg =
3piα2s
32sˆ
(
27β − 17β3 + 6(−3 + 2β2 + β4) arctanh β) , (7.3)
1See the next chapter for the discussion of experimental limits on the sgluon pair production.
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Figure 7.1: ATLAS exclusion limit [106] in the gluino-squark mass plane for the MSSM (solid
line). In the model with Dirac gluinos, like MRSSM, an increased cross section for the produc-
tion of gluinos would make the analysis more sensitive in the low gluino mass region, while the
reduction of squark cross section, because of lack of certain squark production channels, would
make squark exclusion weaker (see also Ref. [104]). This is represented by the dashed line.
Figure comes from Ref. [27].
Oα
Oβ
gγµ
gsfαβγ
(
pOαµ − pOβµ
)
Oα
gνδ
Oβ
gµγ
ıg2s(fαδafaβγ + fαγafaβδ)gµν
Figure 7.2: Non-SM Feynman rules for the simplified model given by Lagrangian from Eq. 7.1.
where sˆ = (pq + pq¯)2 or (pg + pg′)2 and β is sgluon’s velocity in the center of mass system of
colliding partons.2
The total hadronic cross section as a function of hadrons CMS energy
√
S is given by a
convolution of partonic cross sections and proton parton distribution functions (PDF) f(x, µF )
as
σ =
∑
ij
∫ 1
4m2O/S
dx1
∫ 1
4m2O/(x1S)
dx2 fi(x1, µF ) fj(x2, µF ) σˆij(
√
sˆ, µ2R) +O(Λ2QCD/sˆ), (7.4)
where the last term represents non-factorizable (but sˆ-suppressed) contributions. Figure 7.4
shows the cross section plot as a function of a sgluon mass obtained using the MMHT2014 [112]
2Equation 7.2 and Eq. 7.3 differ by a factor of 1/2 compared to [107], where authors assumed that sgluons
are complex scalars.
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Figure 7.3: Diagrams for sgluon pair production at the LO.
gg∑f=15 qfqf
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102
mO [TeV ]
σ(pp→
OO
)[fb]
Figure 7.4: Cross sections per production channel for sgluon pair production at LO in αs.
The upper line of each type is provided for LHC’s energy
√
S = 14 TeV, the lower 13 TeV.
Renormalization and factorization scales were set equal to the sgluon mass, µF = µR = mO.
sgluon mass [TeV] cross section [fb]
13 TeV 14 TeV
1 36.2+43.9%+8.5%−28.4%−5.2% 52.11
+42.9%+7.9%
−28%−4.9%
1.25 6.14+45.7%+10.4%−29.2%−6.2% 9.396
+44.6%+9.7%
−28.7%−5.8%
1.5 1.208+47.4%+12.5%−29.9%−7.1% 1.983
+46.2%+11.5%
−29.4%−6.6%
1.75 0.2602+49%+14.7%−30.6%−8% 0.4606
+47.6%+13.5%
−30%−7.5%
2 0.05868+50.3%+16.9%−31.1%−8.9% 0.1131
+49%+15.5%
−30.6%−8.3%
Table 7.1: Cross sections for sgluon pair production for
√
S =13 and 14 TeV LHC as a function
of the sgluon mass. Cross sections are calculated using 5-flavor sgluon UFO model [108] from
FeynRules [109] and MadGraph5_aMC@NLO [110] at LO in αs using MMHT2014 LO PDF fit from
LHAPDF6 [111]. The first error comes from the scale variation, the second represents the PDF
uncertainty (see main text for more details). Relative statistical errors are of the order of 10−3
and not shown here.
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baseline LO PDF fit (αs(mZ) = 0.135 and up to 5 active flavors). As shown in Tab. 7.1, these
cross sections exhibit large renormalization and factorization scale dependence (with much
smaller PDF uncertainty). Scale uncertainty is calculated as an envelope over a grid where
renormalization and factorization scales are varied independently by a factor of 2 up and down.
PDF uncertainty comes from 50 PDF eigenvectors plus a central set, calculated using hessian
method.
By an analogy with squark pair production [113], NLO QCD corrections are expected to be
large. They will also reduce the scale dependence. It therefore calls for further study.
7.2 QCD corrections to sgluon pair production
I now turn to the calculation of NLO QCD correction to sgluon pair production. 3 For this
purpose, Lagrangian of Eq. 7.1 needs to be supplemented by the counter-term Lagrangian
L =1
2
DµODµO − 1
2
m2OO
2 +
1
2
δZO∂
µO∂µO − 1
2
(
m2OδZO + δm
2
)
O2 (7.5)
+
1
2
(
δgs + δZO +
1
2
δZg
)
fabc [(∂µOb)Oc −Ob(∂µOc)] gµa
+
1
2
(2δgs + δZO + δZg) (fαδafaβγ + fαγafaβδ)OcOeg
µ
b g
d
µ,
where O, g, gs and mO are the renormalized sgluon and gluon fields, QCD coupling and sgluon
mass, respectively. Renormalized parameters are connected to the bare ones in the usual way
O0 =
√
ZOO ≈
(
1 +
1
2
δZO
)
O, g0 =
√
Zgg ≈
(
1 +
1
2
δZg
)
g, (7.6)
gs,0 = gs + δgs, (7.7)
m2O,0 = m
2
O + δm
2
O. (7.8)
The resulting counter-term Feynman diagrams do not differ in their structure from the Born
ones and therefore are not shown here.
The rest of the section is structured as follows. Firstly, I discus the virtual amplitude and
its renormalization. Then I turn to the calculation of real-emission contribution, proving the
cancelation of IR divergences. The section finishes with combining results and giving final
numbers for the NLO cross section for sgluon pair production for a few selected sgluon masses.
7.2.1 Virtual correction
Loop diagrams contributing to sgluon pair production in qq¯ and gg processes are shown in
Fig. 7.5 and Fig. 7.6, respectively. Analytic expression for them was generated using FeynArts
model and processed by FormCalc.
3 The NLO corrections to the cross section for sgluon pair pair production for the complex version of
Lagrangian of Eq. 7.5 are known since [114], that calculation was based on MadGolem framework with Catani-
Seymour dipole subtraction [115] (although authors say the result for virtual part was cross-checked against
FeynArts + FormCalc + LoopTools [66]). In this respect my calculation is more explicit in the treatment of
IR singularities, extracting them using the so-called two cut method and giving compact expressions for (UV
and IR) divergent parts of the cross section. It is also a first step in the direction of full NLO analysis of SQCD
sector of the MRSSM, which is beyond the scope of this thesis.
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Figure 7.5: Pure QCD corrections to the qq¯ initiated-process (without wave-function correc-
tions). q represents a quark with the flavor from up to bottom. A closed quark loop is summed
over f , with f from 1 to 6.
Sgluons are renormalized on-shell
δZO = −< ∂ΣOO
∂k2
∣∣∣∣
k2=m2O
, δm2O = <(ΣOO(m2O)), (7.9)
giving
δZO =
3αs
2pi
(∆UV −∆IR), (7.10)
δm2O = −
3αs
2pi
m2O<
[
2B0(m
2
O, 0,m
2
O) +B1(m
2
O, 0,m
2
O)
]
(7.11)
= −3αs
4pi
m2O
(
3∆UV + 7− 3 log m
2
O
µ2R
)
, (7.12)
where ∆i ≡ 1/¯i ≡ 1/i−γ+ ln 4pi and where γ ≈ 0.577 is the Euler-Mascheroni constant. The
expression for mass renormalization constant agrees with (B6) of [114], but the wave function
renormalization constant does not. They both agree with [116], though.
Since sgluon interacts at the tree-level only with gluons, it does not contribute to δZ1 or
δZ2 counter-terms at one-loop level, giving SM result δZ1 − δZ2 = −CAαs4pi∆UV. Contributions
from heavy particles to the gluon self-energy, depicted in Fig. 7.8, are renormalized in zero-
momentum subtraction scheme
dΣlightgg (p
2)
dp2
∣∣∣∣∣
p2=0,∆UV
+
dΣheavygg (p
2)
dp2
∣∣∣∣∣
p2=0
+ δZg = 0, (7.13)
which yields
δZg =
αs
4pi
(
5
3
CA − Nf − 1
2
CF
)
1
¯UV
− αs
6pi
(
1
¯UV
− log m
2
t
µ2R
)
− αs
8pi
(
1
¯UV
− log m
2
O
µ2R
)
. (7.14)
The remaining wave-function correction is pure IR divergence4
dΣtotalgg (p
2)
dp2
∣∣∣∣∣
p2=0
+ δZg =
5αs
6pi
1
¯IR
. (7.15)
4This correction enters with a minus sign multiplying the Born cross section.
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Figure 7.6: Pure QCD corrections to the gg-initiated process (without external wave function
corrections). Closed quark loops are summed over qf with f from 1 to 5.
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(b)
Figure 7.7: Real emission contribution to the gg (a) and qq¯ (b) channels.
� �
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(b)
Figure 7.8: Diagrams giving the wave function and mass renormalization constants for sgluon
(a) and gluon (b). For gluon, only non-SM diagrams are drawn.
67
CHAPTER 7. NEXT-TO-LEADING ORDER QCD CORRECTIONS TO SGLUON PAIR
PRODUCTION
Using the vertex counterterm to determine δgs, one finds
δgs
gs
= δZ1 − δZ2 − 1
2
δZg =
αs
4pi
(
Nf − 1
3
− 11
6
CA
)
1
¯UV
+
αs
12pi
(
1
¯UV
− log m
2
t
µ2R
)
+
αs
16pi
(
1
¯UV
− log m
2
O
µ2R
)
. (7.16)
The QCD β function can then be obtained in a standard way as
µ
d
dµ
g0s = µ
d
dµ
µgsZgs = µ
gsZgs
(
+
1
gs
β +
µ
Zgs
dZgs
dµ
)
, (7.17)
where I defined Zgs = 1− δgs/gs, which evaluates to
µ
dZgs
dµ
= −αs
2pi
(
Nf − 1
3
− 11
6
CA
)
. (7.18)
In the last equation, terms coming from top quark and sgluon drop out. Combined with the
previous equation, this finally gives the evolution of a strong coupling constant in this scheme
µ
dαs
dµ
= −α
2
s
2pi
(
11
3
CA − 2Nf − 1
3
)
. (7.19)
Nf = 6, which means that the strong coupling constant evolution is given by 5-flavor β function.
This motivates the use of the zero-momentum subtraction for heavy particles, as it allows easily
to consistently combine the calculation with used PDFs, in which αs also evolves with 5 flavors.
UV-finiteness of the final result was checked using FormCalc function UVDivergentPart,
which replaces the Passarino-Veltman loop functions with their UV-divergent parts. The result
for the renormalized virtual part was cross-checked against a standalone MadGraph5_aMC@NLO
output, using NLO-capable 5-flavor UFO model generated with FeynRules [116, 117], for a few
phase space points showing perfect agreement.
Even after UV renormalization, the result still contains infrared poles. Their treatment is
described in the next section.
Note about the LoopTools convention
In the LoopTools convention, the loop integrals are defined as
TNµ1...µP =
µ4−D
ıpiD/2rΓ
∫
dDq
qµ1 . . . qµP
[q2 −m21][(q + k1)2 −m22] . . . [(q + kN−1)2 −m2N ]
, (7.20)
where
rΓ =
Γ2(1− )Γ(1 + )
Γ(1− 2) and D = 4− 2. (7.21)
Compared to the standard definition of the loop integral measure, which is
µ2dDk
(2pi)D
=
ı
16pi2
· (4pi) · µ
2dDk
ıpiD/2
=
ı
16pi2
· (4pi)rΓ · µ
2
ıpiD/2rΓ
, (7.22)
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one misses the factor of
(4pi)rΓ = (4pi)
Γ
2(1− )Γ(1 + )
Γ(1− 2) =
(4pi)
Γ(1− ) +O(
3), (7.23)
since LoopTools includes prefactor −ı(2pi)−4·loop number in the final result.5 It should be noted
that not including this factor for UV-poles corresponds to working in the MS-scheme, as
(4pi)
Γ(1− ) = 1 + (−γ + ln 4pi)+O(
2). (7.24)
This factor does matter, though, for IR-divergent contributions, where LoopTools results are
combined with real emissions.
7.2.2 Real-emission corrections
Even after the renormalization, the virtual matrix element still contains singularities. These
are of soft and/or collinear origin. Soft singularity is canceled between virtual and real emission
corrections. This is known as the Kinoshita-Lee-Nauenberg theorem [118, 119]. Initial state
collinear singularities are removed by mass factorization [120, 121].
The treatment of infrared singularities follows the two-cut phase space slicing method, as
documented in Ref. [122]. The main steps are briefly outlined below.
For the considered process, 3-body real emission phase space is decomposed into soft and/or
collinear parts with respect to the additional parton. This can be schematically written out for
the (formally infinite) real emission cross section σR as
σR =
∫
dσR =
∫
S
dσR +
∫
H
dσR =
∫
S
dσR +
∫
HC
dσR +
∫
HC
dσR, (7.25)
where in the last step the collinear singular part HC was extracted from the hard part H,
leaving finite hard non-collinear reminder HC.
Soft emissions
The soft phase space is defined by the condition that the energy of an outgoing gluon E5 in the
rest frame of colliding partons fulfills
E5 < δs
√
sˆ
2
, (7.26)
where sˆ represents the Mandelstam variable for the incoming partons. δs is an arbitrary param-
eter, of which the final result should be independent. In the soft limit and 4 − 2 dimensions
the 2→ 3 amplitude can be written as
M soft3 = gsµ
µ(p5)Jµ(p5) ·M2 + finite terms, (7.27)
where p5 is the gluon 4-momentum and
Jµ(p5) =
4∑
f=1
Tf
pµf
pf · p5 (7.28)
5The global minus sign in this prefactor does not matter as long as one considers squared amplitudes.
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is the non-abelian eikonal current (with the sum over particles except for the final-state gluon),
which is color-connected with the 2→ 2 process M2 through generator Tf of SU(3)C represen-
tation for particle f . "Finite terms" denotes sub-amplitudes, which are not singular in the soft
limit. After taking the modulus squared of Eq. 7.27, one obtains the general expression of the
form
|M|2 ∼
4∑
f,f ′=1
pf · pf ′
(pf · pg)(pf ′ · pg) + less singular terms. (7.29)
In the soft limit the 3-body phase space factorizes as
dΦsoft3 = dΦ2 ·
(
4pi
sˆ
)
Γ(1− )
Γ(1− 2)
1
2(2pi)2
dS, (7.30)
where
dS =
1
pi
(
sˆ
4
)
E1−25 dE5 sin
1−2 θ1 dθ1 sin−2 θ2 dθ2, (7.31)
and the phase space is integrated over E5 from 0 to δs
√
sˆ/2. Equation 7.29, as far as the
dependence on E5 is concerned, produces(
sˆ
4
) ∫ δs√sˆ/2
0
dE5E
1−2−n
5 =
2−2+n
2− n− 2 sˆ
1− 1
2
nδ2−n−2s (7.32)
for n ≤ 2 and  < 0. For n = 2, this gives
− 1
2
δ−2s = −
1
2
+ ln δs +O(2), (7.33)
while for n = 1, which corresponds to the "less singular terms" of Eq. 7.29, is regular in  and
goes to 0 as δs → 0. Since the phase space volume also goes to 0 as δs → 0, this justifies
neglecting this part as long as δs  1.
The necessary angular integrals are listed in Sec. D.2.
Following this discussion, the singular parts of soft cross sections for the partonic channels
σqq¯ and σgg are given by
σsoftqq¯ =
8α3sβ
3
27s
1
2
+
α3s
81s
[
− 27β + 2(83− 24γ)β3 + 27(−1 + 4β2 + β4) arctanh β (7.34)
−48β3 log
(
sˆβδs
4piµ2R
)]
1

+ finite,
σsoftgg =
9α3s
32s
(
27β − 17β3 + 6(−3 + 2β2 + β4) arctanh β) 1
2
+O(1/). (7.35)
The finite parts of both expressions, as well as the single pole part for the gg channel, are lengthy
and not given here explicitly. The double-pole terms are proportional to the 4-dimensional Born
cross sections in Eq. 7.2
σsoftqq¯
∣∣∣
double pole
=σBqq¯ · 2
αs
2pi
CF · 1
2
, (7.36)
σsoftgg
∣∣
double pole =σ
B
gg · 2
αs
2pi
CA · 1
2
. (7.37)
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The cancelation of double poles between the soft and virtual parts was checked numerically,
giving no less than 14 digits of relative accuracy (depending on the partonic channel and phase
space point).
The single-pole coefficient is not canceled completely between virtual and soft contribution.
Remaining terms have the form
σsoftqq¯
∣∣∣
soft-collinear remainder
=− 1

σBqq¯ · 2
αs
2pi
CF (3/2 + 2 log δs), (7.38)
σsoftgg
∣∣
soft-collinear remainder =−
1

σBgg · 2
αs
2pi
[2N log δs + (11N − 2Nf )/6]. (7.39)
They come from the region of the phase space where the gluon is collinear with an incoming
parton, but its energy is non-zero. These terms will not cancel out with the virtual contribution
as they have different kinematics. As discussed in the next subsection, these are the terms that
will cancel out with the soft-collinear pieces of the initial state factorization counterterms.
Collinear emissions
In the collinear limit, the real-emission cross section factorizes also at the level of matrix element
squared. The double differential hadronic cross section is given by
dσHC
dx1dx2
=
∑
ij
2
1 + δij
σˆBij
αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
sˆ
)(
−1

)
δ−c
∑
k
(∫ 1−δsδik
x1
dz
z
fk/p
(x1
z
)
fj/p (x2)Pik(z, )
[
1− z
z
]−
+
∫ 1−δsδjk
x2
dz
z
fk/p (x1) fj/p
(x2
z
)
Pik(z, )
[
1− z
z
]−)
. (7.40)
The factor 2/(1 + δij) accounts for two possible ways in which qq¯ in the initial state can be
obtained from the proton-proton system. Pik(z, ) are the D-dimensional unregulated Altarelli-
Parisi splitting kernels [123]
Pqq(z, ) =CF
[
1 + z2
1− z − (1− z)
]
, (7.41)
Pgg(z, ) =2N
(
z
1− z +
1− z
z
+ z(1− z)
)
. (7.42)
δik in the integration boundaries of Eq. 7.40 ensures that for kernels which are singular as z → 1
(so Pqq and Pgg), the integral is taken up to z = 1− δs.
The Bjorken variable in fk/p is rescaled so that the Born configuration σˆB is taken at
sˆ = x1x2S.6 Collinear singularities will cancel out with the renormalized PDFs. The first-order
correction to i-th flavor PDF in the MS prescription is given by
fi/p(x, µF ) ≡ fi/p(x)− 1

[
αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
)]∑
j
∫ 1
x
dz
z
P+ij (z)fj/p(x/z), (7.43)
6For quark radiation, the integral will be taken up to 1 as there is no soft singularity in this case.
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where P+ij (z) are the ’+’ regulated Altarelli-Parisi splitting kernels
P+qq(z) =CF
(
1 + z2
(1− z)+ +
3
2
δ(1− z)
)
, (7.44)
P+gg(z) =2N
(
z
(1− z)+ +
1− z
z
+ z(1− z)
)
+ (11N − 2Nf )/6 δ(1− z), (7.45)
where ’+’ prescription is defined as
∫ 1
x
f(z)
(1− z)+ ≡
∫ 1
x
f(z)− f(1)
1− z . (7.46)
For partonic processes which have soft singularity there is a mismatch in the z integration
boundary between Eq. 7.40 and Eq. 7.43. Equation 7.43 can be rewritten as
fi/p(x, µF ) ≈fi/p(x)
[
1− 1

αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
)
Asc1
]
− 1

αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
) ∫ 1−δs
x
dz
z
Pij(z)fj/p(x/z), (7.47)
where now the unregularized AP functions appear and soft-collinear factors Asc1 for the splittings
with soft gluon (g) are given by
Asc1 (q → q(g)) = CF (2 ln δs + 3/2), (7.48)
Asc1 (g → g(g)) = 2N ln δs + (11N + 2Nf )/6. (7.49)
Solving Eq. 7.43 for f(x) in the lowest order in αs and convoluting with the Born cross
section gives
dσij
dx1dx2
=
∑
ij
2
1 + δij
σBij
{
fi/p(x1, µF )fj/p(x2, µF )
(
1 +
αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
)
1

Asc
)
+
∑
k
αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
)
1

[∫ 1−δsδik
x1
dz
z
fk/p
(x1
z
, µF
)
fj/p (x2, µF )Pik(z)
+
∫ 1−δsδij
x2
fi/p (x1, µF ) fk/p
(x2
z
, µF
)
Pjk(z)
]}
. (7.50)
The first term is just the Born partonic cross section convoluted with the scale-dependent PDFs.
The term Asc, coming from the part of the integration of ’+’ regularized AP splitting functions,
cancels out with Eq. 7.38 and Eq. 7.39. In other words, it is absorbed into the renormalized
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PDFs. Adding now Eq. 7.47 and Eq. 7.50 gives the final result for the hard-collinear part
dσ
dx1dx2
=
∑
ij
2
1 + δij
σˆBij
{
αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
sˆ
)
1
∫ 1−δs
x1
dz
z
[((
sˆ
µ2F
)
Pik(z)− δ−c Pik(z, )
[
1− z
z
]−)
fi/p(x1/z, µF )fj/p(x2, µF ) + x1 ↔ x2
)
=
∑
ij
2
1 + δij
σˆBij{fi/p(x1, µF )fj/p(x2, µF )
(
1 + 2
1

αs
2pi
Γ(1− )
Γ(1− 2)
(
4piµ2R
µ2F
)
Asc1
)
+
αs
2pi
∫ 1−δs
x1
dz
z
[(
Pik(z) ln
(
δc
1− z
z
sˆ
µ2F
)
− P ′ik(z)
)
fi/p(x1/z, µF )fj/p(x2, µF ) + x1 ↔ x2
]
.
(7.51)
It was checked numerically that adding the virtual, soft- and hard-collinear contributions
cancels the single-pole coefficient with the relative accuracy of at least 10 digits.
Hard non-collinear part
After adding virtual, soft- and hard-collinear contributions the result is finite, although still
dependent on the regulators δs and δc. This dependence vanishes for inclusive observables, i.e.
after adding hard non-collinear part of the real-emission contribution. Fortunately, this part
does not pose any conceptual difficulty as it is finite and can be evaluated from the start in
four dimensions using numerical integration.
A C++ library containing 2→ 3 matrix element was created using MadGraph5_aMC@NLO and
used in the standalone C++ code developed for this work. The code was linked against the rk
library [124], which was used to perform the Euler rotations and LHAPDF6 to access MMHT2014
PDF grids.
7.2.3 Numeric results for the total cross section
Numerical calculation was divided into two parts. The soft, collinear and virtual pieces
were evaluated in Mathematica [125] while the hard non-collinear part was evaluated in the
standalone C++ code. Numerical results were obtained using the MMHT2014 NLO fit with
αs(mZ) = 0.12 and Nf = 5. PDFs were accessed either through Mathematica interface to
MMHT2014 or through LHAPDF6 with the value of the αs extracted from the PDFs. The integra-
tions over the phase space, both in the case of Mathematica and C++ codes were done using the
Cuba library [126]. In Mathematica, Cuhre and Divonne integrators were used. In C++ part,
Vegas turned out to offer the highest precision. Where advantageous, parallelized versions of
Cuba routines were used [127]. Integrals evaluated with Cuba were maximally 7-dimensional,
two of the dimensions coming always from the integration over the Bjorken variables x in the
range 4m
2
O
S
≤ x1 ≤ 1 and 4m
2
O
x1S
≤ x2 ≤ 1. Apart of the sgluon mass, the cross section depends
also on top quark mass, which was set to mt = 173 GeV.
Cancelation of δs and δc dependencies
Figure 7.9 shows the dependence of the total cross section for partonic channels gg, gq/gq¯ and
qq¯ on the phase space cut δs for δc = 150δs (in the case of channels gg and qq¯). Plots are done
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for
√
S = 13 TeV, the sgluon mass of 1 TeV and the factorization and renormalization scales
set to the sgluon mass.
As can be seen in Fig. 7.9, for δs . 10−3 the dependence becomes flat. Judging from this I
fix δs = 50 δc = 2 · 10−4 in the case of gg, δs = 50 δc = 2 · 10−4 in the case of qq¯ channels and
δc = 10
−4 in the case of qg/q¯g one. Choosing smaller δs is disadvantageous as it increases both
the integration time and integration error.
The virtual part does not depend on the value of δs or δc cuts and as such its contribution
is not included in the figures.
Final results and discussion
Putting everything together one can evaluate the total cross section for the sgluon pair produc-
tion. Figure 7.10 shows contributions from different components of the NLO cross section as
a function of the sgluon mass (different quark channel are implicitly summed). To cross-check
the result, final numbers where compared with 5-flavor version of the sgluon model described in
Ref. [116]. As in the case of 4-flavor version, 5-flavor one was obtained using the NLOCT package
[117]. The results for 13 TeV LHC and 5 selected sgluon masses given in Table 7.2 differed by at
most 3.7‰. It should be noted that MadGraph5_aMC@NLO does not use the phase space slicing.
Instead it uses a subtraction scheme (precisely the FKS subtraction [128, 129]). The differences
between phase space slicing and subtraction schemes was analyzed in [130, 131]. Phase space
slicing neglects terms which go to 0 as δs or δc → 0. This simplifies computation but renders
the result cut dependent. It is not always possible to choose the cut parameters δs and δc → 0
small enough to get sub-permille accuracy due to numerical instabilities. Compared to this,
the subtraction methods are ’exact’ and allow for much higher accuracy. That said, achieved
accuracy is enough to claim correctness of my result.
Mentioned Tab. 7.2 gives cross sections values for selected sgluon masses at 13 and 14 TeV
runs of the LHC, together with systematical uncertainties coming from variation of µF and µR
and PDF uncertainty. Uncertainties are calculated as for the case of LO calculation in Sec. 7.1.
It was also checked that the results are in agreement the the ones obtained from NNPDF3.0
set (LHAPDF id 260000) [132] within the PDF uncertainty. The table also contains global K-
factors, calculated with respect to values from Tab. 7.1.
The calculation setup described in this chapter is the first step in an effort to calculate NLO
(S)QCD corrections to pair production of strongly interacting MRSSM particles. Written code
were designed with extensibility in mind and at the time of writing they were also successfully
applied to study of pp→ u˜Lu˜R process. Therefore the content of this chapter should be treated
not only as a cross-check of results already available in the literature, but also as a important
step in this direction.
In the next chapter, I discuss phenomenological significance of results presented here.
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Figure 7.9: Cancelation of δs and δc dependence for gg (a), qq¯ (b) and qg/q¯g (c) initiated
processes. Channels involving quarks are implicitly summed in 5-flavor scheme. Plots are done
for LHC at
√
S = 13 TeV and µR = µF = mO = 1 TeV using MMHT2014 baseline NLO fit with
αs(mZ) = 0.12.
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Figure 7.10: Decomposition of the NLO cross section into contributions from different (ini-
tial state) partonic channels. Channels involving quarks are implicitly summed (in a 5-flavor
scheme). Plot was done for
√
S = 13 TeV and µR = µF = mO using the MMHT2014 baseline
NLO fit with αs(mZ) = 0.12. Real emission corrections are evaluated for δs = 50 δc = 2 · 10−4
in the case of gg channels, δs = 50 δc = 10−4 for qq¯ and for δc = 2 · 10−4 in the case of qg/q¯g.
As qg/q¯g contribution is negative, it is plotted with reversed sign for readability (see legend).
sgluon mass [TeV] cross section at 13 TeV [fb] K cross section at 14 TeV [fb] K
1 50.79+15.3%+7.7%−15.7%−6.7% 1.40 71.41
+14.1%+7.2%
−15%−6.3% 1.37
1.25 8.656+16.3%+9.5%−16.5%−7.9% 1.38 12.91
+14.9%+8.8%
−15.7%−7.4% 1.41
1.5 1.726+17.3%+11.3%−17.2%−9.1% 1.40 2.752
+15.8%+10.5%
−16.3%−8.5% 1.39
1.75 0.3797+18.4%+13.3%−17.9%−10.5% 1.46 0.6482
+16.7%+12.3%
−17%−9.7% 1.41
2 0.08832+19.7%+15.5%−18.8%−11.9% 1.47 0.1635
+17.8%+14.2%
−16.5%−11% 1.45
Table 7.2: Cross sections for sgluon pair production for 13 and 14 TeV LHC as a function of the
sgluon mass. Cross sections are calculated using 5-flavor NLO capable sgluon UFO model from
FeynRuls and MadGraph5_aMC@NLO at NLO in αs using MMHT2014 NLO PDF fit from LHAPDF6
(see main text for more details). First error comes from the scale variation, second is the PDF
uncertainty. Relative statistical errors are below 10−3 and not shown here. Global K-factors
K are calculated with respect to Tab. 7.1.
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Figure 7.11: NLO cross section for sgluon pair production in function of their mass. Middle
subfigure shows K-factor together with an uncertainty coming from the PDFs. Lower one does
the same for uncertainty coming from scale variation.
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8. Collider phenomenology of sgluon pair
production
8.1 Introduction
In the previous section next-to-leading order QCD corrections to the sgluon pair produc-
tion were calculated. This process is of high phenomenological importance since sgluons
can be one of the lightest color-charged MRSSM particles, copiously produced at the Large
Hadron Collider. Their LHC phenomenology was previously investigated in the context of R-
symmetric/N = 2/Dirac gaugino SUSY models, hyper-pions in vector-like confinement gauge
theories and universal extra dimensions [107, 116, 133–142].
Produced, sgluons are expected to decay, depending on their mass, mainly into pairs of
gluons or quarks (assuming that squarks and gluinos are too heavy). Since due to chirality the
O → qq¯ coupling is suppressed by the quark mass, above the top quark threshold there are
only two decay channels: O → tt¯ and O → gg. This kind of signatures, in both channels, was
searched for by the experimental collaborations. ATLAS excludes at 95% CL pair produced,
complex sgluons decaying (with branching fraction 1) to gluon pairs in the mass range from
100 to 287 GeV [143] (see Fig. 8.1 a). For tt¯ decay mode, sgluons are exluded at 95% CL limit
to 1.06 TeV [144] (see Fig. 8.1 b). Two things should be noted, though. First, those exclusions
are based on a simplified model with complex sgluon from Ref. [114] while in the MRSSM the
cross section is roughly 2 times smaller. Second, ATLAS analysis does not specify form of the
used sgluon - top coupling.
At the time of writing there are no 13 TeV analyses addressing directly sgluon pair pro-
duction (although similar final state topologies were searched for). Therefore, all mentioned
exclusions come from Run 1. This makes any projections for final Run 2 exclusion limits dif-
ficult. To fill this gap, this section is devoted to recasting current ATLAS limits from search
of SUSY in the 4-top quark final state in Ref. [145] to sgluon pair production. Since for phe-
nomenologically viable Dirac gluino masses pseudoscalar sgluons are significantly lighter than
the scalar ones (see Eq. 3.22 and 3.23), they could be discovered much sooner. Therefore in
this chapter a simplified model with a sgluon coupled to tt¯ pair through the pure-axial coupling
is used.
The effective Lagrangian for the model consists of the SM and a BSM part given by
LBMS = 1
2
DµO
aDµOa − 1
2
m2OO
2 − ıct¯γ5T atOa, (8.1)
with the sum over a color index a. As explained in App. E, if pseudoscalar sgluon mass is
smaller than twice the mass of the Dirac gluino it will decay almost exclusively to tt¯ pairs.
This justifies the form of Eq. 8.1. Also, the precise value of the loop-induced coupling c is not
important, as the branching ratio is almost 1.1
1Since coupling c is loop-induced, it is expected to be small so that off-shell effects in sgluon pair production
are also negligible.
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(a) (b)
Figure 8.1: Sgluon cross section exclusion limit as determined by ATLAS in the gg (a) [143]
and tt¯ (b) [144] decay modes. Theory predictions (dashed blue band in (a) and red band in
(b)) comes from the model with a complex sgluon [114].
For the phenomenological studies, a few sgluon masses between 0.9 and 1.5 TeV were se-
lected, with the 0.9 TeV one being already at the border of an exclusion with currently available
Run 1 data.
This chapter is structured as follows. The next section describes a Monte Carlo simulation
setup. Although ATLAS analysis specifies both measured and expected number of background
events in the relevant signal region, simulation of associated production of a gauge boson with a
tt¯ pair is used to validate encoded analysis and detector "simulation" setup. The same technique
is then applied to simulated signal events. Section 8.3 describes the analysis and detector
parametrization setup together with final results. The chapter finishes with conclusions and
prospects for expected ≥ 100 fb−1 data sample of Run 2.
8.2 Simulation setup
Due to technical reasons, samples for signal and background were generated using two different
methods. Both for signal and background simulation the following values of gauge boson masses
were used: mW = 80.385 GeV, mZ = 91.1876 GeV. Top quark mass was set to 173.21 GeV
while other quarks were assumed massless in matrix elements (although in the parton shower
c and b quark masses were kept). The CKM matrix was set to identity.
All samples were generated using the MMTH2014 baseline (5-flavor) NLO fit [112] interfaced
through LHAPDF6 [111].
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8.2.1 Signal
Signal events were generated using MadGraph5_aMC@NLO and an NLO capable UFO [108] model
generated with FeynRules [109, 116, 117]. The original NLO capable sgluon model, available at
https://feynrules.irmp.ucl.ac.be/wiki/NLOModels, does not allow for the pseudoscalar
Ott¯ coupling as in Eq. 8.1. Because of this, a new model with Lagrangian Eq. 8.1 was generated
(changing also the original 4-flavor scheme to 5-flavor one in the process).
Three sgluon masses, 1, 1.25 and 1.5 TeV, were considered. The production cross sections
for these masses are given in Tab. 7.2. Sgluons were then decayed into tt¯ pairs (and further)
using MadSpin [146] as
decay sig8 > t t˜, (t > w+ b, w+ > mu+ vm), (t˜ > w- b˜, w- > all all)
or, after defining multiparticle container no_mu as
define no_mu = u d s c u˜ d˜ s˜ c˜ e+ e- ta+ ta- ve ve˜ vt vt˜,
decayed as
decay sig8 > t t˜, (t > w+ b, w+ > no_mu no_mu), (t˜ > w- b˜, w- > mu- vm˜)
decay sig8 > t t˜, (t > w+ b, w+ > all all), (t˜ > w- b˜, w- > mu- vm˜)
generating all configurations that give two same-sign muons. Total branching ratio into these
channels is given by BR2(W → µν)(2−BR2(W → µν)), where BR(W → µν) ≈ 11%. Partonic
events were matched to parton shower using MC@NLO [147] prescription and Pythia8 v219 [148].
By default the final state shower algorithm in Pythia8 is based on the dipole-style recoils.
As stated in Pythia8 manual, for MC@NLO where a full analytic knowledge of the shower radia-
tion pattern in needed one has to switch to global recoil approach which does not contain color
coherence phenomena (and hence factorizes). A minimal set of settings needed to consistently
shower MC@NLO events is then given by2
SpaceShower:pTmaxMatch = 1
SpaceShower:pTmaxFudge = 1.
SpaceShower:MEcorrections = off
TimeShower:pTmaxMatch = 1
TimeShower:pTmaxFudge = 1.
TimeShower:MEcorrections = off
TimeShower:globalRecoil = on
TimeShower:weightGluonToQuark = 1
Those settings cannot be modified. What can be chosen, though, is when to return from the
global recoil mode to the dipole recoil. Since color coherence phenomena are very important
(see for example [150]), it is advantageous to switch back to dipole recoils already after the
first emission. This can be done in two ways, setting TimeShower:globalRecoilMode = 1 or
2. Option 2 applies global recoil only if the first branching in the evolution is a timelike split-
ting of a parton in an event with Born-like kinematics (the so called S-events in the MC@NLO
language), while for option 1 this is done both for Born-like (S) and real-emission events (H-
events). With option 2 the impact of global recoil should be minimal. For options 1 and 2
a maximal number of splittings in the timelike shower with global recoil strategy should be
set to 1 through TimeShower:nMaxGlobalBranch flag. Also, to distinguish between S and H
events, the number of color-charged particles for Born-like configurations must be given through
TimeShower:nPartonsInBorn option. The MC@NLO matching is done at the level of the hard
2See the Pythia8 manual at http://home.thep.lu.se/~torbjorn/pythia82html/Welcome.html, section
Link to Other Programs→ Matching and Merging→ aMC@NLO Matching. See also the discussion in Ref. [149].
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process. To that end, Pythia8 removes decay chains generated by MadSpin by traversing the
event tree and identifying intermediate particles with status code ISTUP=±2 [151] which have
a single parent. TimeShower:nPartonsInBorn then counts the number of remaining color-
charged particles. For the sgluon pair production I therefore set:
TimeShower:globalRecoilMode = 2
TimeShower:nMaxGlobalBranch = 1
TimeShower:nPartonsInBorn = 2
TimeShower:limitPTmaxGlobal = on
Since there are no genuine underlying event NLO tunes in Pythia8, the default LO tune
is used. This degrades quality of low pT predictions and is a known issue with NLO+PS
simulations (see discussion in sec. 3.3 of Ref. [152]). This can be seen for example in the few
first bins in Fig. 8.2 (a), where the MC simulation fails to correctly describe Z-boson transverse
momentum spectrum for pT between 1 and 5 GeV.
8.2.2 Background validation
Background samples were generated using Sherpa v.2.2 [159], with virtual matrix elements
provided by OpenLoops v1.3.1 [160] and evaluated using CutTools [161, 162] or COLLIER [163–
166]. tt¯µνµ was generated with up to 1 additional jet at NLO order and 3 jets at LO, while for
tt¯µ+µ− up to 1 and 2 jets, respectively, were generated. Different multiplicities were merged
using MEPS@NLO technique [167, 168]. In the case of tt¯µ+µ− a generation cut on an invariant
mass of muon pair mµ+µ− > 20 GeV was applied. The inclusive cross sections for those samples
(including appropriate top-quarks decays) are 7.77 and 5.43 fb.3 These predictions agree within
(still very large) experimental uncertainties with the LHC measurements [170, 171]. Top quarks
were then decayed in all possible ways that ensure two same-sign muons in the final state.
The setup of Sherpa mostly follows standard settings. Here only the most important ones
are mentioned. Samples were generated with EXCLUSIVE_CLUSTER_MODE = 1 setting (meaning
that only QCD splittings are considered when reconstructing parton shower history) to ensure
that tt¯V is always identified as the core process. Since ATLAS analysis uses jets with pT > 20
GeV, the shower starting scale was set to 15 GeV. Also, a default scale definition for the core
process was used.
The setup for the background simulation was thoroughly tested on Drell-Yan and tt¯ data
from 7 and 8 TeV LHC runs and then compared with experimental analyses encoded in
Rivet v2.4.2 [172]. A sample of validation plots is shown in Fig. 8.2 for Drell-Yan and Fig. 8.3
for tt¯.4 The result of background simulation using Sherpa was also compared with samples
obtained using the same method as used for signal simulation. They agreed within theoretical
uncertainties.
8.3 Recasting current ATLAS 13 TeV analysis
The ATLAS analysis [145] targeted topologies with 2 same-sign leptons or 3 leptons, looking at
4 different signal regions. In the case of sgluon decaying to top quark pairs, the interesting signal
3Contrary to UNLOPS [169], MEPS@NLO inclusive cross section depends (slightly) on the number of addi-
tional jets.
4More validation plots can be found under www.fuw.edu.pl/~wkotlarski/MC-validation.
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Figure 8.2: Validation plots for the Drell-Yan process using Rivet anal-
yses ATLAS_2014_I1300647 (a), ATLAS_2013_I1230812_EL (b-e), AT-
LAS_2014_I1306294_EL (f) and 7 TeV LHC data from analyses [153] (a), [154] (b-e)
and [155] (f).
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Figure 8.3: Validation plots for the tt¯ production using Rivet analyses ATLAS_2014_I1304688
(a,b), ATLAS_2015_I1397637 (c) and ATLAS_2015_I1376945 (d) and 7 TeV data from anal-
ysis [156] (a,b) and 8 TeV data from analyses [157] (c) [158] (d).
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SS muon pair # b-jets ≥ 3 meff > 650 GeV EmissT > 125 GeV
tt¯µν 3.1876 0.0899 0.0198 0.0117± 0.0006
tt¯µ+µ− 2.850 0.102 0.028 0.010± 0.001
mO = 0.90 TeV 1.352 0.707 0.629 0.424± 0.002
mO = 1.00 TeV 0.6410 0.3324 0.3081 0.2172± 0.0007
mO = 1.25 TeV 0.1144 0.0569 0.0552 0.0426± 0.0001
mO = 1.50 TeV 0.02365 0.01109 0.01094 0.00897± 0.00003
Table 8.1: Cut-flow analysis summary (numbers in fb). For brevity’s sake, errors only for the
final results are given. Errors are only statistical.
this analysis ATLAS
tt¯µν 0.149± 0.007 0.10± 0.05
tt¯µ+µ− 0.12± 0.02 0.14± 0.06
mO = 0.90 TeV 5.42± 0.02
mO = 1.00 TeV 2.781± 0.009
mO = 1.25 TeV 0.546± 0.002
mO = 1.50 TeV 0.1148± 0.0003
Table 8.2: Final result of the analysis (last column of Tab. 8.1) after multiplying by 3.2 fb−1
of integrated luminosity and roughly a factor of 4 to account for all possible leptonic channels
taken into account in the ATLAS analysis [145] compared to column SRb3 of Tab. 5 of that
analysis.
85
CHAPTER 8. COLLIDER PHENOMENOLOGY OF SGLUON PAIR PRODUCTION
region is SR3b, defined in Table 1 of [145]. To match experimental data as closely as possible,
the detector response was parametrized using Delphes [173] v3.3.2. Events were passed using
HepMC interface [174].
The following list gives a summary of Delphes detector card settings and applied cuts:
1 Muons are identified with an efficiency of 95% if they have pT > 10 GeV and |η| < 1.5
and 85% if 1.5 < |η| < 2.7. Candidate muons are required to have pT > 20 GeV and
|η| < 2.5. Candidate muons must also be isolated, that is have the scalar sum of the pT
of tracks within a variable-size cone around the lepton, excluding its own track, less than
6% of the muon pT . The isolation cone size is taken to be the smaller of 10 GeV/pT and
0.3 (where pT denotes the muon’s transverse momentum).5
2 At least 3 b-tagged jets reconstructed using anti-kt algorithm [175] from FastJet with
pT > 20 GeV are required. Jets are b-tagged if they are within ∆Rjb < 0.3 of a b-quark
which had pbT > 5 GeV and |ηb| < 2.5 with an efficiency [176]
b-tagging efficient =
24 tanh(0.003 · pT )
1 + 0.086 · pT (8.2)
Jet energy scale correction is applied according to the formula6
Ej →
√
1 + (3− 0.2|η|)2/pT · Ej (8.3)
3 Effective mass meff of the event, defined as a scalar sum of pT of signal leptons, b-jets
and missing ET , must satisfy meff > 650 GeV. The meff spectrum for the signal and tt¯µν,
tt¯µ+µ− is shown in Fig. 8.4.
4 EmissT > 125 GeV
Table 8.1 shows the cross sections (in fb) for different processes passing this sequence of cuts
(cuts are stacked, that is the n-th column means that cuts in previous columns were applied).
Table 8.2 shows the final numbers of background events, that is after multiplying the last
column of Tab. 8.1 by 3.2 fb−1 of integrated luminosity and roughly a factor of 4 to account
for all possible leptonic channels taken into account in the ATLAS analysis. For example 0.01
fb for process tt¯µ+µ− in Tab. 8.1 corresponds to 0.01 · 3.2 · 4 ≈ 0.128 event. Table 8.2 gives
slightly different number, namely 0.12 event, since numbers in Tab. 8.1 are already rounded.
For comparison the last column of Table 8.2 shows the column SRb3 of Tab. 5 of Ref. [145].
The fact that the simplified analysis based on Delphes predicts roughly the same number of
events for background coming from tt¯µνµ and tt¯µ+µ− production as the ATLAS one, is a check
of its implementation. Since a significant contribution to the background comes from elements
which cannot be reliably simulated by Monte Carlo, like fake/non-prompt leptons and charge
flips, the cuts used in the definition of SR3b could not be adapted. To check the separating
power of those cuts on the sgluon signal a plot after cuts on same-sign muon pair and number
of b-jets was done. Figure 8.4 shows the spectrum of the effective mass for two sgluons masses:
1 and 1.25 TeV and backgrounds from tt¯µνµ and tt¯µ+µ−. It is clear that cut of meff > 650 GeV
used in the ATLAS analysis does also a good job in separating background from the sgluon
signal. For completeness I also show the numbers for background and signal events for sgluons
of mass 1 and 1.25 TeV after the effective mass cut but before the cut on missing ET . They
are compared with the original ATLAS plot in Fig. 8.5 .
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Figure 8.6: Predicted number of observed signal events as a function of the sgluon mass (blue
points). Solid line shows interpolation between these points. Red region is excluded by ATLAS
for SR3b at 95% CL. Interpreted in the context of sgluon production it corresponds to a lower
limit on the sgluon mass mO . 0.95 TeV.
The 95% CL observed upper limit on the number of signal (BSM) events in the SR3b is 3.8.
The predicted number of signal events for selected sgluon masses are given in Tab. 8.2. The
ATLAS limit corresponds then to sgluons of mass in the range 0.9 < mO < 1 TeV. To facilitate
reading of its precise value, predicted numbers of signal events are plotted in Fig. 8.6 together
with the interpolation between them. From this, sgluon masses < 0.95 GeV are excluded at
95% CL. This result is already on par with the 8 TeV ATLAS exclusion which was 1.06 TeV
for the case of a complex sgluon (i.e. with the cross section greater by a factor of 2).
8.4 Conclusions
The data published at the time of writing this chapter by the Run 2 of the LHC are already
competitive with the ones from the Run 1. With 3.2 fb−1 of integrated luminosity they allow
to exclude sgluons decaying exclusively to top quarks with mass below . 0.95 TeV. By the end
of Run 2, the ATLAS experiment is expected to gather & 100 fb−1 of integrated luminosity,
roughly 30 times more than what is available currently.7 Since statistical significance scales like
a square-root of integrated luminosity, numbers in Tab. 8.2 suggest that even without further
exploiting event kinematics and adapting cuts it should be possible to exclude (or discover)
sgluons with masses up to . 1.25 TeV by the end of Run 2.
With higher statistics one could also think about exploiting hadronic top decays, which have
a much larger branching ratio, using one of the well established top-tagging techniques [177–
182], as top quarks from decays of heavy sgluons would be highly boosted. These techniques
have already been successfully applied in studies of di-top signatures (like the case of Z ′ boson,
see for example [183, 184]). With larger statistics, those techniques could event be applied to
5Delphes Isolation module was modified to allow for a variable isolation cone size.
6JES is applied before the requirement of pT > 20 GeV.
7See for example the talk at 2016 Moriond Workshop’s Electroweak Interactions and Unified Theories session
https://indico.in2p3.fr/event/12279/session/7/contribution/118/material/slides/0.pdf [accessed
9.9.2016]
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4 top final states like the ones discussed in this chapter. All of the above improvement will
significantly extend the discovery potential of LHC with respect to sgluons at Run 2, well above
a conservative estimate of 1.25 TeV done here.
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9. Summary
This thesis discussed the Minimal R-symmetric Supersymmetric extension of the Standard
Model, proving that the MRSSM is a viable alternative to the MSSM. It described the motiva-
tion for considering non-minimal realizations of supersymmetry together with the construction
of the MRSSM. To allow reasonable comparison with experiments, a calculation of the quan-
tum corrections to most relevant observables was performed. This thesis presented a set of
benchmark points which a posteriori were proven to satisfy constraints such as W -boson mass,
properties of the Higgs sector, selected b-physics observables and the requirement of vacuum
stability. On top of that, a detailed calculation of NLO QCD corrections to color-octet scalar
(sgluon) pair production in a simplified model was presented. The result of ATLAS search in a
similar topology at 13 TeV LHC was interpreted in the context of sgluon production, extracting
an exclusion limit for their mass.
In the case of EW observables, quantum corrections included the calculation of one-loop
corrections to W and Higgs boson masses. The latter calculation was supplemented by the
leading two-loop corrections in the effective potential approximation.
In connection with the calculation of W mass, the employed calculation procedure was
explained. Since MRSSM contains an SU(2)L triplet, the treatment of its vacuum expectation
value in the setup of Ref. [11] was described. A broad region of parameter space, consistent
with the measured W mass of 80.385± 0.015 GeV, was identified.
In the case of Higgs mass calculation, these thesis presented results of tree-level, one- and
two-loop calculations. Although tree-level Higgs mass was lower for selected benchmark points
than in the MSSM, radiative corrections from new MRSSM states were instrumental to raise it
to the measured value. Contributions from different particle sectors were analyzed and emphasis
was put on Yukawa-like superpotential parameters λu, Λu. For Λu ≈ −1.1 the lightest Higgs
boson with mass at one-loop level of around 120 GeV was obtained.
The calculation of two-loop corrections was explained in detail, and analytic formulas for
the most important contributions were given. At the two-loop level, the Higgs mass becomes
for the first time directly sensitive to pure-QCD particles such as sgluons and Dirac gluinos.
These specific contributions were analyzed, showing a non-decoupling behavior. In general, the
leading two-loop corrections for selected benchmark points account for a shift of about +5 GeV
to the lightest Higgs mass. This positive shift is a typical feature of two-loop calculations in
the DR scheme.
The constraints resulting from the W and Higgs mass calculations were combined, identify-
ing a parameter space in which both of these observables could be accommodated. The region
around the benchmark points, consistent with these two observables, was identified both by 2d
and random multidimensional scans.
In the case of the QCD sector, the emphasis was put on the production of sgluons. These
particles are special from the viewpoint of SUSY, as they have R-charge 0 and can decay
without an LSP in the final state. NLO QCD K-factors for selected sgluon masses in the range
1-2 TeV at 13 and 14 TeV LHC were calculated. These K -factors range from 1.37 to 1.47.
This calculation also features a detailed description of the treatment of IR singularities using
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the two-cut phase space slicing method. The results of this calculation were then applied to
recasting of current ATLAS searches of same-sign lepton production into an exclusion limit
on the sgluon mass. The analysis showed that collected data sample of 3.2/fb was already
competitive with the data collected during Run 1, excluding sgluons with masses / 1.1 TeV.
To conclude, non-minimal supersymmetric extensions of the SM are not only a viable alter-
native to the MSSM but they also circumvent certain MSSM shortcomings. It is hoped that
this study will encourage experimental groups to perform dedicated searches of signals of the
MRSSM.
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A. List of acronyms
1PI One-Particle Irreducible
ATLAS A Toroidal LHC Apparatus
BMP Benchmark Point
BSM (physics) Beyond the Standard Model
CMS Compact Muon Solenoid
EW Electroweak
EWPO Electroweak Precision Observables
EWSB Electroweak Symmetry Breaking
IR Infrared
LEP Large Electron–Positron Collider
LHC Large Hadron Collider
LO Leading Order
LSP Lightest Supersymmetric Particle
MRSSM Minimal R-symmetric Supersymmetric Standard Model
MSSM Minimal Supersymmetric Standard Model
NLO Next-to-Leading Order
PDF Parton Distribution Function(s)
QCD Quantum Chromodynamics
SM Standard Model (of Elementary Interactions)
SPA Supersymmetry Parameter Analysis
SSB Soft SUSY Breaking
SUSY Supersymmetry
UV Ultraviolet
VEV Vacuum Expectation Value
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B. Selected mass matrices
B.1 Higgs bosons
B.1.1 Neutral pseudoscalar Higgses
The pseudoscalar Higgs mass matrix is block diagonal. In the basis (σd, σu, σS, σT ) it is given
by
m2A =

Bµ tan β Bµ
Bµ Bµ cot β
02×2
02×2
m2S +
1
2
(λ2dv
2
d + λ
2
uv
2
u)
1
2
√
2
(λdΛdv
2
d + λuΛuv
2
u)
1
2
√
2
(λdΛdv
2
d + λuΛuv
2
u) m
2
T +
1
4
(Λ2dv
2
d + Λ
2
uv
2
u)
 (B.1)
+ ξZm
2
Z
 cos2 β −12 sin 2β−1
2
sin 2β sin2 β
02×2
02×2 02×2
 ,
withm2Z =
1
4
(g21+g
2
2)v
2 andO2×2 being a 2-by-2 submatrix filled with 0. The σd−σu submatrix is
identical to the MSSM one, with eigenstates being the Goldstone boson with massm2G0 = ξZm
2
Z
and an MSSM-like pseudoscalar Higgs with mass m2,MSSMA = 2Bµ/ sin 2β. Since sin 2β is always
positive, it implies that with sign convention of Eq. 3.15 Bµ > 0.
B.1.2 Neutral scalar Higgses
The scalar Higgs mass matrix in the basis (φd, φu, φS, φT ) is given by
m2H =

1
8
(g21v
2+2(g21+g22) cos 2βv2
+4λ2dv
2
S+2(2µd+ΛdvT )
2
+8m2Hd
−8g1MDS vS+4
√
2
λdvS(2µd+ΛdvT )
+g2(g2v2+8MDT vT ))
· · ·
−Bµ− 12m2Z sin 2β
1
8
(8µ2u+8
√
2λuvSµu
−8ΛuvTµu+g21
v2+g22v
2+4λ2uv
2
S
+2Λ2uv
2
T+8m
2
Hu
+8g1MDS vS−8g2MDT vT
−4√2λuΛuvS
vT−2(g21+g22)v2 cos 2β)
· ·
1
2
v(λd(2λdvS+√
2(2µd+ΛdvT ))
−2g1MDS ) cosβ
1
2
v(2g1MDS +Λu(2ΛuvS
+
√
2(2µu−ΛuvT ))) sinβ
1
2
(8MD,2S +λ
2
dv
2 cos2 β
+λ2uv
2 sin2 β+2m2S)
·
1
2
v(2g2MDT +Λd(2µd
+
√
2λdvS+ΛdvT )) cosβ
− 1
2
v(2g2MDT +Λu(2µu
+
√
2ΛuvS−ΛuvT )) sinβ
v2(λdΛd−λuΛu+(λd
Λd+λuΛu) cos 2β)
1
4
√
2
4MD,2T +m
2
T+
1
4
v2
(Λ2d cos
2 β+Λ2u sin
2 β)

(B.2)
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where since the matrix is symmetric and upper-triangle entries were not shown for readability.
Substituting solution of the tadpole equations to the 2-by-2 submatrix in left-top corner gives
m2,MSSMH =
(
m2,MSSMA sin
2 β +M2Z cos
2 β −(m2,MSSMA +M2Z) sin β cos β
−(m2,MSSMA +M2Z) sin β cos β m2,MSSMA cos2 β +M2Z sin2 β
)
. (B.3)
which has the knows MSSM form.
B.2 R-Higgs bosons
B.2.1 Neutral R-Higgses
In the basis (R0d, R0u), (R
0,∗
d , R
0,∗
u ) the matrix reads
m2R0 =

m2Rd
+ 1
8(2λ2d+Λ2d)v2−(g21+g22−2λ2d−Λ2d)v2 cos 2β
+4λ2dv
2
S+2(2µd+ΛdvT )
2+8g1MDS vS−8g2MDT vT
+4
√
2λdvS(2µd+ΛdvT )
1
8
(ΛdΛu − 2λdλu)v2 sin 2β
1
8
(ΛdΛu − 2λdλu)v2 sin 2β
1
8
(2(v2+2v2S)λ2u−4
√
2ΛuvSvTλu+8µ
2
u+8m
2
Ru
−8g1MDS vS+8g2MDT vT+8µu
(
√
2λuvS−ΛuvT )+Λ2u(v2+2v2T )+
(g21+g22−2Λ2u−Λ2u)v2 cos 2β)
 (B.4)
B.2.2 Charged R-Higgses
Charged R-Higgses do not mix. Therefore their masses can be given explicitly as
m2
R−u
=m2Ru +
1
4
Λ2uv
2 +
1
2
λ2uv
2
S +
1√
2
λuvS(2µu + ΛuvT )− 1
2
(g1M
D
S vS + g2M
D
T vT ) (B.5)
+
1
8
(
g21 − g22 − 2Λ2u
)
v2 cos 2β +
1
4
(2µu + ΛuvT )
2
m2
R+d
=m2Rd + µ
2
d + g1M
D
S vS +
1
2
λ2dv
2
S + g2M
D
T vT + µd(
√
2λdvS − ΛdvT ) (B.6)
+
1
4
Λd(−2
√
2λdvSvT + Λd(v
2 + v2T )) +
1
8
(
g22 − g21 + 2Λ2d
)
v2 cos 2β
B.3 Electroweak gauginos
B.3.1 Charginos
In the basis: (T˜−, H˜−d ), (W˜
+, R˜+d ) first chargino mass matrix reads
mχ˜+ =
(
g2vT +M
D
T
1√
2
Λdv cos β
1√
2
g2v cos β −12ΛdvT + 1√2λdvS + µd
)
(B.7)
In the basis: ( W˜−, R˜−u ), (T˜+, H˜+u ) second chargino mass matrix reads
mρ˜− =
(
−g2vT +MDT 1√2g2v sin β
− 1√
2
Λuv sin β −12ΛuvT − 1√2λuvS + µu
)
(B.8)
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These matrices are diagonalized by two independent rotations U and V as
U1,∗mχ˜+V 1,† = m
diag
χ+ (B.9)
U2,∗mρ˜−V 2,† = m
diag
ρ− (B.10)
B.3.2 Neutralinos
In the basis: (B˜, W˜ 0, R˜0d, R˜0u), ( S˜, T˜ 0, H˜0d , H˜0u) neutralino mass matrix reads
mχ˜0 =

MDS 0 −12g1v cosβ 12g1v sinβ
0 MDT
1
2g2v cosβ −12g2v sinβ
− 1√
2
λdv cosβ −12Λdv cosβ −µd − 1√2λdvS −
1
2ΛdvT 0
1√
2
λuv sinβ −12ΛUv sinβ 0 µu + 1√2λuvS −
1
2ΛuvT
 (B.11)
The matrix is diagonalized by two independent rotations N1,2 as
N1,∗mχ˜0N
2,† = mdiagχ˜0 . (B.12)
99

C. Selected Feynman rules
This Appendix presents a selection of MRSSM Feynman rules. For brevity’s sake, not all
Feynman rules used in this thesis are displayed and sfermion mixing was set to 0. The following
abbreviations were also introduced PL ≡ (1 − γ5)/2 and PR ≡ (1 + γ5)/2. Rotation matrices
V, U are defined in Eq. B.9, Eq. B.10 and N in Eq. B.12.
C.1 Electroweak gauginos
Feynman rules involving charginos and neutralinos used in Chap. 4.
χi
χ+j
W−µ
ı
2
g2γµ
[(
2V 1∗j1 N
1
i2 −
√
2V 1∗j2 N
1
i3
)
PL +
(
2N2∗i2 U
1
j1 +
√
2N2∗i3 U
1
j2
)
PR
]
χ+i
χj
W+µ
ı
2
g2γµ
[(
2N1∗j2 V
1
i1 −
√
2N1,∗j3 V
1
i2
)
PL +
(
2U1∗i1 N
2
j2 +
√
2U1∗i2 N
2
j3
)
PR
]
χi
ρ−j
W+µ
− ı
2
g2γµ
[(
2U2∗j1N
1
i2 +
√
2U2∗j2N
1
i4
)
PL −
(√
2N2∗i4 V
2
j2 − 2N2∗i2 V 2j1
)
PR
]
ρ−i
χj
W−µ
− ı
2
g2γµ
[(
2N1∗j2U
2
i1 +
√
2N1∗j4U
2
i2
)
PL −
(√
2V 2∗i2 N
2
j4 − V 2∗i1 N2j2)PR
)]
101
APPENDIX C. SELECTED FEYNMAN RULES
χ−i
`
ν˜∗`
−ıg2V 1∗i1 PL + iY ∗` U1i2PR
χci
ν`
ν˜∗`
ı√
2
(
g1N
1∗
i1 − g2N1∗i2
)
PL
ρ+i
ν`
˜`∗
L
−ıg2U2∗i1 PL
χci
`
˜`∗
L
ı√
2
(g1N
1∗
i1 + g2N
1∗
i2 )PL −ıY ∗` N2i3PR
χi
`
˜`∗
R
−iN2∗i3 Y`PL − i
√
2g1N
1
i1PR
χ+i
ν`
˜`∗
R
ı U1∗i2 Y` PL
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C.2 SQCD
Selection of Feynman rules for the strongly interacting particles. Below, λ denotes Gell-Mann
matrices, f are SU(3) structure constants and q˜ represents squarks (there is no squark mixing).
g˜α
g˜β
OS,γ
−gsfαβγ
g˜α
g˜β
OA,γ
−ıgsfαβγγ5
OS,α
q˜i,β
q˜∗i,γ
ıgs<MDO λαγβ(δiR − δiL)
OA,α
q˜i,β
q˜∗i,γ
−ıgs=MDO λαγβ(δiR − δiL)
qR,α
g˜β
q˜R,γ
ı√
2
gsλ
β
αγPL
qL,α
g˜β
q˜L,γ
− ı√
2
gsλ
β
αγPR
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D. Kinematics and integrals
D.1 Two-body decay width formula
The two-body Lorentz-invariant phase space Φ2 for particles with 4-momenta p1 and p2 is given
by
Φ2 =
∫
dΦ2(p1, p2) =
∫
d3p1
(2pi)32E1
d3p2
(2pi)32E2
(2pi)4δ4(P − p1 − p2) = β
8pi
∫
dΩ
4pi
, (D.1)
where Ω is the 2d solid angle and β, in the case of particle with mass M decaying in its rest
frame into 2 equal mass m particles, is equal to
√
1− 4m2/M2. In case of scalar decay, matrix
element |M|2 cannot depend on angle allowing for trivial integration of differential decay width
dΓ
dΓ =
1
2M
|M|2dΦ2 → Γ = 1
2M
· β
8pi
· |M|2, (D.2)
where the bar denotes helicity and color sum (average) over final (initial) states.
D.2 2→ 3 body eikonal integrals
This section collects integrals needed in the calculation of the soft-collinear cross section for
the sgluon pair production. Following the discussion in Ref. [122], the needed integrals have
a general form (with the curly bracket collecting terms which may appear in these integrals
one-by-one)
I =
1
pi
(
sˆ
4
) ∫ δs√sˆ/2
0
dE5E
1−2
5 sin
1−2 θ1dθ1 sin−2 θ2dθ2
· 1/{s′35s
′
45, s
′2
35, s
′2
45, t
′
15t
′
25, t
′2
15, t
′2
25, s
′
35t
′
15, s
′
45t
′
25, s
′
35t
′
25, s
′
45t
′
15}, (D.3)
where variables s′ij, t′ij are related to a generalization of the Mandelstam variables for the case
of 2→ 3 scattering
sij ≡ (pi + pj)2, tij ≡ (ti − tj)2. (D.4)
as, for example, s′35 = s35 −m23 −m25.
Parameterizing the gluon momentum p5 in D-dimensions as
p5 = E5(1, . . . , sin θ1 sin θ2, sin θ1 cos θ2, cos θ1), (D.5)
where ellipsis denote D − 4 unspecified momenta and sgluons momenta p3 and p4 as
p3 =
√
s12
2
(1, 0, . . . , 0, β sin θ, β cos θ) (D.6)
p4 =
√
s12
2
(1, 0, . . . , 0,−β sin θ,−β cos θ) (D.7)
105
APPENDIX D. KINEMATICS AND INTEGRALS
y
x
z
~p5
θ2
θ1
~p3
θ
Figure D.1: 3-body kinematics used in the evaluation of the real-emission cross section in the
soft limit. It is assumed that the z axis is aligned with the beam axis. Momenta lengths are
not to scale.
where D − 4 and x components are set to 0 since sgluons momenta are 4 - dimensional and
contained in the yz plane. The kinematics of this final state is shown in Fig. D.1. The 3-vector
~p4 for the second sgluon is not shown, but in the soft limit is is given by the equality ~p4 = −~p3.
The primed Mandelstam variables are then
s
′
35 =
√
sˆE5(1− β sin θ sin θ1 cos θ2 − β cos θ cos θ1) (D.8)
s
′
45 =
√
sˆE5(1 + β sin θ sin θ1 cos θ2 + β cos θ cos θ1) (D.9)
t15 =−
√
sˆE5(1− cos θ1) (D.10)
t25 =−
√
sˆE5(1 + cos θ1) (D.11)
The energy integral is universal and gives
1
pi
(
sˆ
4
) ∫ δs√sˆ/2
0
dE5E
1−2
5 = −
δ−2s
2pi
≈ − 1
2pi
+
1
pi
ln δs − 1
pi
 ln2 δs, (D.12)
while the remaining angular integrals have a general form of∫ pi
0
dθ1
sin1−2 θ1
(1 + a cos θ1)k
∫ pi
0
dθ2
sin−2 θ2
(1 + A cos θ1 +B sin θ1 cos θ2)l
. (D.13)
Collinear divergences appear at the boundary of the integration region if a = ±1 and/or
A2 +B2 = 1. For massive final state particles A2 +B2 < 1, hence collinear singularities appear
only in the initial state. The angular integrals are symmetric with respect to the change of
θ1 ↔ pi − θ1 which implies symmetry in simultaneous change of {s′35, t′15} ↔ {s′45, t′25}. Large
collection of these integrals can be found for example in Refs. [185, 186]. Below are quoted the
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ones needed for a considered process of sgluon pair production
I(s
′
35s
′
45) =
1
sˆβ
(
− 1
2
log
1 + β
1− β − Li2
2β
1 + β
− 1
4
log2
1 + β
1− β + ln δs ln
1 + β
1− β
)
(D.14)
I(s
′2
35) = I(s
′2
45) =
1
2m2
(
− 1
2
+ log δs − 1
2β
log
1 + β
1− β
)
(D.15)
I(t
′
15t
′
25) =
1
2sˆ
(
1
2
− 2

ln δs + 2 ln
2 δs
)
(D.16)
I(t
′2
15) = I(t
′2
25) =
1
2sˆ
(
1

− 1− 2 ln δs
)
(D.17)
I(s
′
35t
′
15) = I(s
′
45t
′
25) =−
1
2(1− β cos θ)sˆ
[
1
2
−
(
2 ln δs + ln
(1− β cos θ)2
1− β2
)
1

(D.18)
+ 2 ln2 δs − 1
2
ln2
1 + β
1− β + ln
2 1− β cos θ
1− β + 2 ln δs ln
(1− β cos θ)2
1− β2
+ 2Li2
β(1− cos θ)
−1 + β − 2Li2
β(1 + cos θ)
−1 + β cos θ
]
I(s
′
35t
′
25) = I(s
′
45t
′
15) =−
1
2(1 + β cos θ)sˆ
[
1
2
−
(
2 ln δs + ln
(1 + β cos θ)2
1− β2
)
1

(D.19)
+ 2 ln2 δs − 1
2
ln2
1 + β
1− β + ln
2 1 + β cos θ
1− β + 2 ln δs ln
(1 + β cos θ)2
1− β2
+ 2Li2
β(1 + cos θ)
−1 + β − 2Li2
β(−1 + cos θ)
1 + β cos θ
]
,
where Li2 denotes the dilogarithm function Li2(x) ≡
∫ 0
x
ln(1−t)
t
dt.
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E. Sgluon decays
E.1 Scalar sgluons
Owing to the tree-level relation1 m2OS = m
2
O + 4(M
O
D )
2, for scalar sgluon a simple 2-body decay
channel to a pair of Dirac gluinos as depicted in one of the Feynman rules in Sec. C.2 is always
open with partial decay width (see Sec. D.1)
Γ(OS → g˜Dg˜D) = 3
2
αsmOSβ
3
g˜D
, (E.1)
where βg˜D ≡
√
1− 4m2g˜D/m2OS is the absolute value of daughter particle velocity in the rest
frame of the sgluon. If, additionally mOS & 2mq˜, 2-body decay to pair of squarks is also open
with a decay width
Γ(OS → q˜q˜∗) = 1
2
αs
|MDO |2
mOS
βq˜, (E.2)
where βq˜ is defined analogously.
Unless one is interested in a specific final state there is no need to consider loop-induced
decay processes for scalar sgluon since at least one decay channel is always open.
E.2 Pseudoscalar sgluon
If the mass of the pseudoscalar sgluon OA is & 2mg˜D , simple 2-body decay channel is open as
in the case of scalar sgluon. Due to γ5 nature of the OAg˜Dg˜D coupling shown in Appendix C.2
it depends linearly on velocity βg˜D as (cf. Eq. E.1)
Γ(OA → g˜Dg˜D) = 3
2
αsmOPβg˜D (E.3)
No other 2-body decays are allowed at the tree-level.2
If two-body decay channels are closed OA will decay through loop-induced couplings to SM
particles. In case =MOD = 0, OA will decay exclusively to qq¯ pairs. Figure E.1 shows diagrams
generating effective OSqq¯ coupling. The following analytic expression is reads
ıV aOAqq¯ =
3ıg3s
16pi2
mqmg˜D
[
C0(m
2
OA
,m2q,m
2
q,m
2
g˜D
,m2g˜D ,m
2
q˜R
)
−C0(m2OA ,m2q,m2q,m2g˜D ,m2g˜D ,m2q˜L)
]
T aγ5. (E.4)
1This relation might be modified beyond the LO order.
2This is no longer true if one allows for imaginary part of MDO . See Sec. E.3.
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OA
q
q
g˜D
g˜D
q˜
OA
q
q
g˜D
g˜D
q˜
Figure E.1: Lowest order diagrams generating (effective) coupling of OP to quarks.
Since this amplitude is suppressed by the mass of the quark, above the top threshold OA
decays almost exclusively to top quarks. General expression for the decay of OS → qq¯ is then
Γ(OA → qq¯) = 9α
3
s
64pi2
βqmOAm
2
qm
2
g˜D
∣∣C0(m2OA ,m2q,m2q,m2g˜D ,m2g˜D ,m2q˜R) (E.5)
−C0(m2OA ,m2q,m2q,m2g˜D ,m2g˜D ,m2q˜L)
∣∣2
where |C0(m2OP ,m2q,m2q,m2g˜D ,m2g˜D ,m2q˜R)−C0(m2OP ,m2q,m2q,m2g˜D ,m2g˜D ,m2q˜L)|2 = |IP |2 of Ref. [107].
E.3 Comment on =MDO 6= 0
Throughout this work it is assumed that all parameters of the MRSSM are real. If this is not
the case and MDO has a non-zero imaginary part, pseudoscalar sgluon couples directly to pair
of squarks as shown in Sec. C.2. So, if kinematically allowed, a 2-body decay to squarks will
be occur. Also, introduction of imaginary part of MDO breaks CP in the sgluon sector, mixing
scalar and pseudoscalar partners through one-loop diagrams as shown in Fig. E.2, which is
proportional to the product of <MDO · =MDO .
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��
��
�˜�
�˜�
Figure E.2: Exemplary diagram generating mixing between CP-odd and CP-even components
of the sgluon field if <MDO · =MDO 6= 0.
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F. SARAH and SPheno setup
F.1 SPheno code generation
Full custom SPheno.m file generating high scale SPheno module used for the numerical analyses
done in this thesis.
MINPAR = { {3, TanBeta} };
EXTPAR = {
{1, LSDInput},
{2, LSUInput},
{3, LTDInput},
{4, LTUInput},
{5, MuDInput},
{6, MuUInput},
{7, BMuInput},
{8, mq2Input},
{9, mq233Input},
{10, ml2Input},
{11, ml233Input},
{12, mu2Input},
{13, mu233Input},
{14, md2Input},
{15, md233Input},
{16, me2Input},
{17, me233Input},
{18, mRu2Input},
{19, mRd2Input},
{20, mO2Input},
{21, M1Input},
{22, M2Input},
{23, M3Input},
{24, mS2Input},
{25, mT2Input}
};
RealParameters = {TanBeta};
AssumptionsTadpoleEquations = {conj -> Identity};
ParametersToSolveTadpoles = {mHd2, mHu2, vS, vT};
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RenormalizationScaleFirstGuess = 1000^2;
RenormalizationScale = 1000.0^2;
(* Low-scale R-symmetry *)
BoundarySUSYScale = {
{mS2, mS2Input},
{mT2, mT2Input},
{MDBS, M1Input},
{MDWBT, M2Input},
{MDGoc, M3Input},
{B[\[Mu]], BMuInput},
{mq2, DIAGONAL mq2Input},
{mq2[3,3], mq233Input},
{ml2, DIAGONAL ml2Input},
{ml2[3,3], ml233Input},
{md2, DIAGONAL md2Input},
{md2[3,3], md233Input},
{mu2, DIAGONAL mu2Input},
{mu2[3,3], mu233Input},
{me2, DIAGONAL me2Input},
{me2[3,3], me233Input},
{LamSD, LSDInput},
{LamSU, LSUInput},
{LamTD, LTDInput},
{LamTU, LTUInput},
{MuD, MuDInput},
{MuU, MuUInput},
{B[MuD], 0},
{B[MuU], 0},
{\[Mu], 0},
{mRu2, mRu2Input},
{mRd2, mRd2Input},
{moc2, mO2Input}
};
(* This is a low-energy model without the GUT-scale so 'HighScale' will not be used.
It will be set to an arbitrary value of 10 TeV (so slightly above SUSY scale
which is fixed to 1 TeV, and contrary to the standard setup, where GUT scale is
determined dynamically through ConditionGUTscale variable). To be on the
safe side just set B[MuD], B[MuU] and \[Mu] to zero at the GUT and EW scale *)
BoundaryHighScale = {
{B[MuD], 0},
{B[MuU], 0},
{\[Mu], 0}
};
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(* Do not freeze SUSY parameters at the SUSY scale
but also run them down to the mZ scale *)
UseBoundarySUSYatEWSB = False
BoundaryEWSBScale = {
{vd, Sqrt[4 mz2/( g1^2 + g2^2 ) ] * Cos[ ArcTan[TanBeta] ] },
{vu, Sqrt[4 mz2/( g1^2 + g2^2 ) ] * Sin[ ArcTan[TanBeta] ] },
{B[MuD], 0},
{B[MuU], 0},
{\[Mu], 0}
};
(* If the Higgs sector of the model is the same as in the MSSM,
the original SPheno routines for calculating the two-loop tadpole
equations and two-loop self-energies to the the scalar and pseudo
scalar Higgses can be activated by setting it to True *)
UseHiggs2LoopMSSM = False;
ListDecayParticles = Automatic;
ListDecayParticles3B = Automatic;
FlagLoopContributions = True
F.2 SPheno run card
Stering file for SPheno
Block MODSEL
1 1 # 1/0: High/low scale input
6 0 # Generation Mixing
Block SMINPUTS # SM inputs
1 127.94000E+00 # alpha(MZ) SM MSbar
2 1.1663787E-05 # muon decay constant
3 1.1810000E-01 # alpha_s(MZ) SM MSbar
4 9.1187600E+01 # Z-boson pole mass
5 4.1800000E+00 # m_b(m_b) SM MSbar
6 1.7321000E+02 # m_top(pole)
7 1.7768600E+00 # m_tau(pole)
Block MINPAR # SUSY inputs
3 4.0E+01 # TanBeta
Block EXTPAR
1 1.5E-01 # LSDInput
2 -1.5E-01 # LSUInput
3 -1.0E+00 # LTDInput
4 -1.03E-00 # LTUInput
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5 4.0E+02 # MuDInput
6 4.0E+02 # MuUInput
7 4.0E+04 # BmuInput
8 6.25E+06 # mq2Input
9 1.0E+06 # mq233Input
10 1.0E+06 # ml2Input
11 1.0E+06 # ml233Input
12 6.25E+06 # mu2Input
13 1.00E+06 # mu233Input
14 6.25E+06 # md2Input
15 1.0E+06 # md233Input
16 1.0E+06 # me2Input
17 1.0E+06 # me233Input
18 1.0E+06 # mRu2Input
19 4.9E+05 # mRd2Input
20 1.0E+06 # mO2Input
21 2.5E+02 # M1Input
22 5.0E+02 # M2Input
23 1.5E+03 # M3Input
24 4.0E+06 # mS2Input
25 9.0E+06 # mT2Input
Block SPhenoInput # SPheno settings
1 -1 # error level
2 1 # fixed SUSY scale = 1 TeV (SPA conventions)
7 0 # exclude 2-loop corrections to Higgses
8 3 # use diagrammatic method for 2-loop calculation
11 1 # calculate branching ratios
13 1 # include 3-Body decays
12 1.000E-04 # write only branching ratios larger than this value
31 10.0E+03 # fixed GUT scale (-1: dynamical GUT scale)
32 0 # Strict unification
34 1.000E-04 # precision of mass calculation
35 40 # maximum number of iterations
37 1 # Set Yukawa scheme
38 2 # 1- or 2-loop RGEs
50 1 # Majorana phases: use only positive masses
51 0 # Write Output in CKM basis
52 0 # Write spectrum in case of tachyonic states
54 0 # If Ne1 WriteOutputForNonConvergence=.False.
55 1 # Calculate one loop masses
57 1 # Calculate low energy constraints
58 1
60 1 # Include possible, kinetic mixing
65 1 # Solution tadpole equation
75 1 # Write WHIZARD files
76 1 # Write HiggsBounds file
116
F.2. SPHENO RUN CARD
86 0 # Maximal width to be counted as invisible in Higgs decays;
# -1: only LSP
510 0 # Write tree level values for tadpole solutions
515 0 # Write parameter values at GUT scale
520 1 # Write effective Higgs couplings (HiggsBounds blocks)
525 0 # Write loop contributions to diphoton decay of Higgs
530 0 # Write Blocks for Vevacious
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